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Abstract 
ABSTRACT 
Natural enemies are thought to play an important role structuring phytophagous insect 
communities. They may directly suppress the abundances of prey species, mediate 
indirect interactions, and interact with one another, modifying the outcomes of natural 
enemy-prey interactions. 
In this thesis I aimed to address the following questions relating to natural 
enemies in aphid-parasitoid communities. What contribution do parasitoids attacking 
more than one species of host make to community structure? Do species of parasitoid 
interact, and if so what are the consequences of this interaction? What effect do 
hyperparasitoids have on the structure of aphid-parasitoid communities? 
Three population cage experiments are described that explore the effects of 
natural enemies on the structure of a community containing two species of aphids that 
compete for a shared resource. First, a shared parasitoid was found to have no effect on 
the outcome of resource competition between the two species of aphid. Second, I found 
no evidence for interactions between two species of parasitoid that share a host attacking 
aphids that compete for a resource. The third study explored the effect of adding a 
hyperparasitoid to a stable aphid-parasitoid community. I found evidence for a trophic 
cascade, however, this effect was dependent on community context. 
Food webs suggest that secondary parasitoids mediate apparent competition 
between species of aphid primary parasitoid. I describe a field experiment that attempted 
to test for apparent competition between species of primary parasitoid and tried to 
determine whether apparent competition declines over a spatial scale relevant to natural 
communities. I found no evidence for apparent competition. 
I discuss the applicability of the results described in this thesis to natural 
communities and suggest ideas for future work related to aphids and parasitoids. 
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Chapter 1 General Introduction 
CHAPTER 1 
Introduction 
1.1 GENERAL INTRODUCTION 
Organisms do not live in isolation; they have spatial and temporal associations with other 
organisms linking them into ecological communities (Elton 1927, Morin 1999). The 
community is a key concept in ecology and much effort has been devoted to studying the 
processes that determine the composition of communities, the relationships between 
constituent species, and the abundance and variability of species in communities. 
Understanding the processes that structure communities can help ecologists explain 
patterns in biodiversity and evolution, as well as contribute to applied ecological 
problems, from the management of pests to predicting the effects of harvesting species, 
habitat loss and extinctions. 
Pairs of species can interact directly. Direct interactions between species have received a 
lot of attention from ecologists and we have reached the stage where we understand the 
mechanisms and outcomes of interactions between pairs of species (Turchin 2003). 
Recently ecological research has concentrated on indirect interactions and their effects, 
which can arise when interactions between species are mediated by at least one 
intermediate species (Strauss 1991, Wootton 2002). Ecologists have recognised that 
indirect effects may be as important as direct interactions in determining the structure and 
function of a community (Werner and Peacor 2003). Indirect effects often extend over 
more than one trophic level (Wootton 1994), and natural enemies may play an important 
role mediating these effects, or may be subject to them. 
My thesis addresses three types of effect in aphid-parasitoid communities. I investigate 
whether an indirect interaction between species that share a natural enemy can alter the 
outcome of competition for a shared resource. I then ask whether natural enemies interact 
with one another and what the consequences are for natural enemies that share prey 
species. Apparent competition is a negative interaction between species that share a 
natural enemy, I test for it using a field experiment, and explore whether spatial 
separation alters the strength of apparent competition. Finally I investigate a trophic 
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cascade over multiple trophic levels and ask how this can be altered by the presence of 
other species in the community. Each chapter is intended to stand alone and includes an 
in-depth introduction and discussion, so this general introduction is limited to an outline 
of key developments in community ecology, an introduction to phytophagous insect 
communities and an overview of three types of multispecies interaction that prompted the 
investigations described in this thesis. Lastly I describe the experimental approaches I 
used to address the aims of this thesis. 
1.2 ECOLOGICAL COMMUNITIES 
The community has been central to ecological research for the last century (e.g. Morin 
1999). This section is a brief outline of what I think are some of the more interesting 
developments of community ecology; I hope to give a summary of our current 
understanding of the structure of ecological communities by bringing together these key 
developments. I have attempted to cover theories that have made important contributions 
to the modem concept of the community, and illustrate how we have progressed from 
observing and describing communities to studying the processes that determine 
community structure and function. 
The concept of the ecological community can be traced back to developments in 
taxonomy during the 19"^  century. Standardisation and improvements in the identification 
of species revealed patterns in species lists, and different kinds of habitats were 
recognised to contain different characteristic sets of species, or communities (Elton 
1927). Since then the community has been a key concept in ecology and there has been 
much debate, which continues to this day, regarding the processes that structure 
ecological communities (Morin 1999). 
Historically there were two views of ecological communities. Clements (1936) argued 
that communities are similar to organisms, growing and developing towards a 
deterministic climax dictated by the abiotic environment. Clements emphasised that the 
structure of these climaxes (or climax communities) is heavily influenced by dominant 
species via "reaction, competition and coaction", which can be interpreted to mean that 
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communities function as a single entity made of constituent units that are bonded together 
and regulated by interactions, and within this entity, certain units play key roles 
maintaining structure and function. 
Gleason (1926) proposed an alternative view - of ecological communities as collections 
of individuals. In contrast to Clements, he argued that communities can not be classified 
in a manner analogous to species. Instead communities should be viewed as the product 
of migration and the influence of the abiotic environment, with little input from 
interactions between species; as a result communities are structured by autecological 
factors, such as temperature gradients. This concept also introduces a stochastic factor 
into the structure of communities; the same habitat can support different communities in 
different locations, depending on what subset of all organisms that could persist in the 
given environmental conditions have colonized the location. 
The theories of Gleason and Clements were initially formulated to explain the structure 
of plant communities, although they include ideas that are also relevant to animal 
communities. Important advances in the study of animal communities include the advent 
of food webs that describe the trophic interactions between species, the theory of the 
ecological niche, which describes an organisms place in the community, and concepts 
such as pyramids of numbers that expressed what appeared to be general rules regarding 
energy flow and size relationships of organisms in communities (Elton 1927). 
Ecologists adopted a bottom-up approach to understanding interactions between species, 
gaining insights into how these interactions can explain patterns in natural communities. 
Competition and natural enemy interactions are two of the most common interactions 
between species. Simple mathematical models provided insights into how competition 
(Lotka 1925, Volterra 1926), and natural enemies (Lotka 1925, Volterra 1926, Nicholson 
and Bailey 1935), can determine which species are able to persist in communities and the 
effects of these processes on species abundances. Gause (1934) manipulated simple 
protist communities to demonstrate that competition can exclude species from 
communities and showed that resource partitioning can allow species to coexist, whereas 
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Huffaker (1958) used herbivorous and predatory mites to explore the effect of predation 
on the persistence of prey species in simple ecological communities. 
Further advances saw the development of the theory limiting similarity (MacArthur and 
Levins, 1964,1967), where competition prevents species that are similar in their use of 
resources from coexisting in a community, refinements to the theory of competitive 
exclusion, where the number limiting factors acting on species in a community places an 
upper limit on the number of species that can coexist (Levin 1970), and recognition of the 
role of environmental variability in allowing competitors to coexist (Armstrong and 
McGehee 1980). In a now classic experimental manipulation of an intertidal community, 
Paine (1966) demonstrated that interactions between ecological processes such as 
competition and predation can determine the structure of ecological communities. Paine 
removed the predatory starfish Pisaster ochraceus, which led to the competitive 
exclusion of a number of species from the community through competition for space. P. 
ochraceus, by eating a range of species, including the dominant competitor, suppressed 
the abundances of species, reduced competition, thus allowing species to coexist. At a 
larger scale island biogeography theory emphasised the importance of colonization and 
extinction processes for explaining patterns in community structure (MacArthur and 
Wilson 1967). 
As the number of communities that have been described using food webs has increased, 
ecologists have been able to look for patterns in the static properties of food webs, such 
as connectance (the number of realised trophic interactions divided by the number of 
possible interactions) and compartmentalisation (the food web can be divided up into 
groups of species, where interactions between groups of species are weak, but 
interactions within those groups are strong) (Cohen 1978, Pimm et al. 1991), which may 
reflect the processes that structure communities. May (1974) took a different approach to 
studying community structure; he constructed model multispecies communities with 
species interactions described by Lotka-Volterra type equations, which suggested a link 
between the number of connections between species in a community and the ability of 
species to recover from perturbations. This link arises because the greater the complexity 
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of a community, the larger the number of modes of oscillation it possesses; where each 
mode of oscillation may be stable or unstable, more complex communities are 
increasingly likely to include an unstable mode of oscillation that will destabilise the 
whole community. Following May's work there has been debate regarding the 
relationship between diversity and stability of communities. The current orthodox view is 
that diversity stabilises communities as a whole, but destabilises the population dynamics 
of individual species in the community (Tilman 1999). 
Hubbell (2000) suggested a different approach, proposing a neutral theory of 
biodiversity, where all species are assumed to have equal competitive abilities and 
random processes analogous to genetic drift and mutation are responsible for extinctions 
and speciation. Neutral theories act as null hypotheses against which we can test the 
importance of processes such as competition for explaining the structure of communities. 
Another important development is the study of small modules of strongly interacting 
species that allow one to investigate effects in multispecies assemblages that may 
structure communities (e.g. Holt 1977, Pohs et al. 1989, Holt and Lawton 1993, 1994, 
Holt 1997, Bonsall and Hassell 1997, 1998, Bonsall and Holt 2003, van Veen et al. 
2005). 
Although the exact definition of ecological communities and the importance of various 
structuring processes continues to be debated, the concept of the community remains 
central to ecology. Understanding the structure and function of ecological communities 
can explain patterns in biodiversity (Morin 1999), assist us in controlling pest species, for 
example through the manipulation of the natural enemies (e.g. Murdoch et al. 1985), help 
us effectively manage exploited resources (e.g. Jennings et al. 2001), and provide insights 
into evolutionary processes, because the community is the arena for natural selection and 
will influence the evolution of species (Bonsall et al. 2004). 
1.3 PHYTOPHAGOUS INSECT COMMUNITIES 
An estimated 25% of all living species on earth are phytophagous insects (Southwood 
1978), and when one takes into account their host plants and natural enemies, 
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communities based around phytophagous insects may account for as many as 75% of 
species (Strong et al. 1984). Any insights into the structure of phytophagous insect 
communities will make a significant contribution to general theories regarding the 
structure of ecological communities. 
The structure of phytophagous insect communities has been a focus for community 
ecologists; they have been subject to intensive study and there has been much debate 
about the processes that structure such communities (e.g. Strong et al. 1984). Hairston et 
al (1960, Slobodkin 1967) argued that the abundance of plants and the fact that they do 
not usually appear damaged suggests that herbivores are not food-limited, and then 
reasoned that herbivore numbers are limited by natural enemies. Despite the lack of 
conclusive evidence at the time for either herbivores limiting plant biomass or natural 
enemies limiting herbivore abundance (Ehrlich and Birch 1967), and suggestion that 
Hairston et al. 's view of a green world is to simplistic because not all plants are edible, so 
that the abundance of plants reflects their inedibility (Murdoch 1966), the arguments of 
Hairston et al., that herbivores are not food-limited because their numbers are suppressed 
by natural enemies has received support, particularly with respect to phytophagous insect 
communities (e.g. Anderson and May 1981, Lawton and Strong 1981). 
Following Hairston et al.'s conjecture, natural enemies have been recognised as a 
potentially powerful community structuring force, possibly even the "predominant 
ecological interaction" in communities (Connell 1975). Lawton and Strong (1981) 
discussed how to explain patterns in phytophagous insect communities when there was so 
little evidence for interspecific competition, which is potentially the most powerful 
community structuring force. They suggested that any theory attempting to explain 
patterns in phytophagous insect communities needs to take into account autecological 
processes such as the weather and phenology, habitat heterogeneity, plant chemistry, and 
crucially, the top-down effects of natural enemies. 
Several recent studies have provided conclusive evidence for interspecific competition 
between species of phytophagous insects, although competition may be by more subtle 
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means than the depletion of plant biomass (which explains why it has been difficult to 
detect); changes to plant chemistry may mediate negative interactions between species of 
herbivore, with effects that can extend up the food chain to predators and parasitoids 
(Price 1980, Faeth 1986, Fritz et al. 1986, Karban 1986, 1989, Mopper et al. 1990, 
Moran and Whitham 1990). Denno et al (1995) reassessed the role of interspecific 
competition in phytophagous insect communities and found evidence for competition in 
76% of the studies they reviewed, and there was a significant lack of evidence for 
competition only between mandibular folivores. However, many phytophagous insects 
specialise on different species of plants, where there is little possibility of overlapping use 
of resources. When this is the case, the broad range of natural enemies that attack 
phytophagous insects may have an important role in structuring phytophagous insect 
communities, especially when they attack more than one species of prey and thus may 
mediate interactions between prey species (van Veen et al. 2006). Field manipulations of 
food webs have provided evidence that the top-down effects of natural enemies are a 
significant force in phytophagous insect communities (Edson 1985, Schmitz 1994, Moran 
et al. 1996, Beckerman et al. 1997, Schmitz et al 1997, Moran and Hurd 1998, Schmitz 
1998, Strong et al. 1999, Schmitz and Suttle 2001). 
Parasitoids in particular are thought to play an important role structuring phytophagous 
insect communities (Hawkins and Gross 1992), due to their relatively high degree of 
specialisation, with each species attacking a limited range of hosts (van Veen et al. 2006); 
short generation times that mean that they can become dynamically coupled with their 
hosts and may mediate long-term indirect interactions (Holt and Lawton 1993); and the 
fact that parasitoids make up 10% of all species on earth (Hassell 2000). 
Recently there has been a focus on systematically investigating whether phytophagous 
insect communities are structured by ecological processes, or whether feeding 
preferences and the availability of suitable species of host plant are sufficient to explain 
community structure (van Veen et al. 2006). Because parasitoids are thought to have a 
strong influence on community structure, the core of this research has involved producing 
quantitative food webs to describe a diverse range of phytophagous insect-parasitoid 
16 
Chapter 1 General Introduction 
communities including tropical leafminer-parasitoid communities (Memmott et al. 1994, 
Lewis et al. 2002), a temperate leafminer-parasitoid community (Rott and Godfray 2000) 
and an aphid-parasitoid community (Miiller et al 1999). Quantitative food webs include 
information on the potential strength of parasitoid-mediated indirect interactions between 
host species and these food webs can be used directly to test whether null models 
accurately describe patterns in communities, or whether ecological processes mediated by 
parasitoids make a significant contribution to community structure (van Veen et al. 
2006). 
Quantitative food webs are also useful for revealing patterns in the occurrence and 
strength of interactions in the community (Memmott and Godfray 1994), prompting 
hypotheses that have been tested experimentally, including tests for indirect effects 
mediated by natural enemies (e.g. Muller and Godfray 1997, Rott et al. 1998, Morris et 
al. 2001, van Veen et al 2001, Morris et al 2004), mutualistic associations (Muller and 
Godfray 1999), and spatial patterns of secondary parasitism (van Veen et al. 2002). 
Experiments are an important component of such studies, because food webs are static 
snapshots of communities and experimental manipulations are required to investigate 
dynamic processes. 
The combination of evidence from quantitative food webs and manipulation experiments 
suggest that indirect interactions, particularly those mediated by natural enemies, may 
have an important role in structuring phytophagous insect communities. 
1.4 INDIRECT EFFECTS 
Indirect interactions, which refer to processes, and indirect effects, which refer to the 
outcomes of these processes, occur when one species alters the interaction between a 
second and a third species (Sfrauss 1991). Indirect interactions are likely to be an 
important ecological process for the vast majority of organisms because most live in 
communities composed of three or more species. Theoretical and experimental research 
has highlighted the importance of indirect interactions in structuring communities (Holt 
1977, 1984, Strauss 1991, Holt and Lawton 1993, 1994, Holt et al. 1994, Bonsall and 
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Hassell 1997, 1998, Polis and Holt 1997, Schmitz et al. 1997, Morris et al. 2004), and the 
last two decades has seen a large increase in research related to indirect interactions and 
effects (Wootton 2002). 
Indirect effects can be divided into two classes according to the mechanism by which 
they are propagated. One species may affect another via changes in the density of an 
intermediate species; these are interaction chains or density-mediated indirect effects 
(Wootton 1994, Abrams et al. 1995). Consider two species that share a natural enemy. 
The presence of the first species may increase the abundance of the natural enemy, so the 
second species is subject to more natural enemy attacks; species one has a negative 
indirect effect on species two via changes in the abundance of the natural enemy. 
Interaction chains may consist of more than three species, although the effect will take 
longer to propagate between the species at either end of the chain as the chain increases 
in length (Yodzis 2000). The outcome of processes that propagate along interaction 
chains should be predictable from studies of the interactions between each pair of species 
in the chain (Wootton 1994). 
Alternatively indirect effects may occur when a species modifies the interaction between 
two other species; these are interaction modifications or trait-mediated indirect effects 
(Wootton 1994, Abrams et al. 1995). For example, consider again two species that share 
a natural enemy. If the two species occur in the same patch and the presence of the first 
species causes the natural enemy to aggregate in the patch, natural enemy attacks on the 
second species may increase. The first species has a negative indirect effect on the second 
species via changes to natural enemy behaviour. 
Trait-mediated indirect effects are being recognised as increasingly important, 
particularly in diverse communities, where complex networks of trophic interactions can 
attenuate density-mediated indirect effects more so than trait-mediated indirect effects 
(Schmitz et al. 2004). However, trait-mediated indirect interactions cannot be predicted 
from studying interactions between pairs of species in isolation, and their potential role 
structuring communities means that knowledge of energy flows, or trophic interactions 
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between species, is not sufficient to understand how species interact in communities 
(Paine 1988). 
A range of indirect effects have been described including trophic cascades (Power 1990, 
Schmitz et al. 1997), apparent competition (Holt 1977), exploitation competition (Tilman 
1977, 1980), Intraguild predation (Polis et al. 1989), and indirect mutualism (Wootton 
1994). I will now outline three of these indirect effects that are addressed by chapters in 
this thesis. For a more detailed review of each effect see the relevant experimental 
chapters. 
Apparent competition 
Apparent competition occurs when one species has a negative effect on the population 
growth rate of a second species via changes in the abundance or behaviour of a shared 
natural enemy. Evidence for apparent competition has been found in a range of 
communities including marine communities (Schmitt 1987), host-parasitoid communities 
(Bonsall and Hassell 1997, 1998, Morris et al. 2004), and between different strains of 
pathogen within a single host, via the host's immune system (Raberg et al. 2006). The 
negative effects of apparent competition may be stronger in one direction than the other 
and may allow one prey species to exclude the other from the community (Holt 1977, 
Bonsall and Hassell 1997, 1998). For a review of evidence for the unequal effects of 
apparent competition see Chaneton and Bonsall (2000). 
Apparent competition may be density or trait-mediated. Density-mediated apparent 
competition occurs over multiple host and natural enemy generations, where the presence 
of one prey species increases natural enemy abundance, which has a negative impact on 
the population growth rate of the second prey species. Theoretical and empirical evidence 
suggest that the apparent competitor that is able to support the highest density of natural 
enemies will drive the other apparent competitor extinct, because losses to natural 
enemies are sufficient to cause a decline in numbers until the species is extinct (Holt 
1977, Holt and Lawton 1993, Bonsall and Hassell 1997,1998). Density-mediated 
apparent competition will be more common when hosts and natural enemies have similar 
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generation times, so natural enemy populations are able to respond quickly to changes in 
host abundance. 
Trait-mediated apparent competition may occur when alternative prey species are found 
in the same patch. Natural enemies may spend longer feeding in patches where prey 
densities are high, so the presence of high densities of one prey species in a patch may 
have a negative effect on a second prey species by causing natural enemies to aggregate 
there. However, trait-mediated apparent competition only occurs when natural enemies 
aggregate in patches with high prey densities; if natural enemies attack a set number of 
prey before moving to another patch, or have a saturating functional response so that 
natural enemy attacks per prey individual are reduced at high prey densities, an indirect 
mutualism may arise between alternative prey species (Holt and Kotler 1987). Short-
term apparent competition can arise even when natural enemies are long-lived relative to 
their prey, and it has been experimentally demonstrated between aphid species mediated 
by predators (Mtiller and Godfray 1997), and between species of aphid primary 
parasitoids mediated by secondary parasitoids (Morris et al. 2001). 
Apparent competition is thought to be a potentially potent force for structuring 
phytophagous insect communities because species that would not otherwise interact can 
have negative effects on one another via shared natural enemies, which may even exclude 
species from communities (van Veen et al. 2006). Contrary to evidence from simple 
systems that apparent competition can exclude species from a community (e.g. Holt 
1977), there is evidence that potential apparent competitors do coexist in natural 
communities (e.g. Miiller et al. 1999), and a number of mechanisms have been suggested 
that allow their coexistence, including spatial structure, host refuges, and processes that 
equalise the fitness of apparent competitors (Holt 1984, Holt and Lawton 1993, Holt et 
al. 1994, Bonsall and Holt 2003). 
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Trophic cascades 
Trophic cascades can occur along chains of species that feed on each other. Consider a 
chain of predator, prey and resource species. The predator can have a positive indirect 
effect on the population growth rate of the resource species by suppressing the density of 
the prey species or by modifying its behaviour so it is less efficient at consuming the 
resource. Trophic cascades can extend over more than three trophic levels, in which case 
the position of a species in the trophic cascade will determine whether its abundance is 
limited by natural enemies or the availability of resources. 
Trophic cascades may be density or trait-mediated. Density-mediated trophic cascades 
arise when a predator species consumes a prey species, limiting its abundance (Power 
1990). Trait-mediated trophic cascades can arise when a predator modifies prey 
behaviour so consumption of the resource species is reduced, and the resource ceases to 
be limited by the prey species (Schmitz et al. 2004). 
Evidence for density and trait-mediated trophic cascades come from a range of systems, 
including freshwater communities (Power 1990), marine communities (Micheli 1997), 
terrestrial arthropod communities (Schmitz 1994, Beckerman et al. 1997, Schmitz et al. 
1997), and soil communities (Strong et al. 1999). However, it has been argued that 
trophic cascades are unlikely to be important in diverse systems such as terrestrial 
arthropod communities were there is widespread omnivory (Polis and Strong 1996). 
Recently evidence suggests that this is not the case, and trophic cascades do occur in 
diverse communities, and that they are primarily trait-mediated (Schmitz et al. 2000, 
Shurin et al. 2002, Schmitz et al. 2004). 
Interactions between natural enemies 
Interactions between natural enemies may arise when two or more species of natural 
enemy attack the same species of prey. Two species of natural enemy may interact, 
directly on indirectly, so that overall prey consumption may be greater or less than 
expected based on the assumption that the effects of natural enemies are independent 
(Soluk and Collins 1988). 
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The effects of interactions between multiple natural enemies are more complex than 
apparent competition or trophic cascades, because they may result from a combination of 
direct and indirect interactions between the natural enemies, including direct interference, 
indirect exploitation competition and trait-mediated indirect effects via changes in the 
behaviour of the shared prey (Martin et al. 1989, Wootton 1994, Sih et al. 1998). Natural 
enemies may interact to reduce overall prey consumption below what is expected if they 
were not interacting, for example by triggering a general defensive response in the prey, 
or may interact to increase overall prey consumption above what is expected, for example 
if they trigger conflicting specialist anti-predator responses (Soluk and Collins 1998). For 
a more detailed discussion of the effects of interactions between natural enemies see 
introduction, chapter three. 
Interactions between natural enemies have been documented in a range of communities 
including freshwater communities (Soluk and CoUins 1988), marine communities (Martin 
et al. 1989, Crowder et al 1997), and terrestrial arthropod communities (Losey and 
Denno 1998, Bogran et al. 2002), although to my knowledge relatively few studies have 
investigated the effects of multiple natural enemies on each other and a prey species over 
more than one generation. 
1.5 THESIS OBJECTIVES 
The work reported in this thesis had the following aims: (a) To investigate the effects of 
shared natural enemies in aphid-parasitoid communities, (b) To determine whether 
natural enemies that attack the same species of aphid interact and what the consequences 
of this interaction are. (c) To investigate the role of hyperparasitoids in aphid-parasitoid 
communities. The majority of my research used small experimental aphid-parasitoid 
communities to address the aims outlined above, as well as a field experiment that 
attempted to investigate the effects of a shared natural enemy in a more natural system. 
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1.6 EXPERIMENTAL APPROACH 
Approach 
The approach I used to study community structure was to identify suites of strongly 
interacting species embedded in larger communities using quantitative food webs, 
investigate the processes operating in these suites of species, and use the results to make 
predictions about the structure and function of larger communities. Using this approach 
theoretical studies have provided formal descriptions of apparent competition (Holt 
1977), intraguild predation (Polis et al. 1989), and insights into the dynamics of 
multiparasitoid food webs (Wilson et al 1996). Similarly, experimental study applying 
this approach to laboratory based host-parasitoid communities has provided the first 
conclusive demonstration of exclusion by apparent competition (Bonsall and Hassell 
1997,1998), shown that the order which species join a community can determine its 
structure (Sait et al. 2000), and demonstrated that combinations of indirect effects can 
stabilise communities (van Veen et al. 2005), whereas field studies have demonstrated 
apparent competition between aphids, mediated by predators (Miiller and Godfray 1999), 
between parasitoids mediated by secondary parasitoids (Morris et al. 2001), and between 
leaf miners mediated by parasitoids (Morris et al. 2004). 
Study system 
The experiments described in this thesis were all prompted by patterns in the quantitative 
food webs produced by Miiller et al. (1999) of an aphid-parasitoid community at our field 
site in Silwood Park. For the majority of the experiments I used small suites of strongly 
interacting species to explore the influence of interactions between parasitoids and aphids 
on the structure of laboratory-based experimental communities. 
Aphids are homopteran insects that feed on plants by sucking liquid from the plant 
vessels using piercing straw-like mouthparts. They are widespread in temperate regions 
of the world, and their ability to reproduce asexually means that they have the potential 
for rapid increases in numbers. Aphids are attacked by a range of natural enemies 
including parasitoids, predatory insects such as coccinellids, and pathogens, such as the 
fungus Pandora neoaphidis. Because of their large potential for population increase, and 
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because they may transmit diseases between plants, some species of aphids are regarded 
as pests of agricultural crops (Dixon 1998). 
Parasitoids are insects whose larval stage feeds on another arthropod. Only a single host 
is required, differentiating them from predators, and the host is always killed, 
distinguishing them from true parasites. Taxonomically, the majority of parasitoids are 
members of Hymenoptera and Diptera. Examples of parasitoids are also found in 
Coleoptera and more rarely the Lepidoptera, Neuroptera and Trichoptera (Godfray 1994). 
Three types of parasitoid are found in the aphid-parasitoid community at our field site. 
Primary parasitoids attack aphids, laying a single egg inside the host. The aphid continues 
to feed and grow for a period before the parasitoid larva kills it, pupating inside the aphid 
husk. This type of parasitoid includes species from two taxonomic groups, the Aphidiinae 
(Ichneumonoidea, Braconidae) and Aphelinidae (Chalicoidea). 
The other two types of parasitoid attack primary parasitoids. Hyperparasitoids attack 
parasitized aphids while they are still alive, ovipositing in the larvae of primary 
parasitoids. Hyperparasitoids delay development until the primary parasitoid kills its 
aphid host and spins a cocoon to pupate in; the hyperparasitoid then consumes the 
primary parasitoid and pupates inside its cocoon. This group of parasitoids mainly belong 
to the Alloxystini (Cynipoidea, Figitidae, Charipinae). Mummy parasitoids attack 
mummified aphids, paralysing the mummy contents (either primary or hyperparasitoids). 
Development proceeds immediately. Mummy parasitoids include species of Pteromalidae 
(Chalcidoidea) and Dendrocerus (Megaspilidae) (Miiller et al. 1999). Because primary 
parasitoids and hyperparasitoids lay their eggs inside their hosts and undergo a period of 
delayed development while the host continues to feed and grow, they are exposed to their 
host's immune system. The need to overcome host defences means that these parasitoids 
tend to show relatively high levels of host specialisation. Mummy parasitoids lay their 
eggs externally on a paralysed host, circumventing specific host defences and allowing 
them to attack a relatively broad host range (Wilson et al. 1996). 
Parasitoids are a popular study system for ecologists (Godfray and Shimada 1999), and 
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there have been notable successes using parasitoids to study ecological processes (e.g. 
Bonsall and Hassell 1997). Aphid-parasitoid systems are attractive to ecologists because 
aphids and their associated parasitoids are easily collected from the field and cultured in 
the laboratory, and the relationship of one adult parasitoid produced per parasitized aphid 
makes it easy to quantify interactions between species. Short generation times also means 
they are suitable for conducting experiments over multiple generations. 
Set-up 
Prompted by patterns in food webs collected at our field site, I assembled small aphid-
parasitoid communities that were replicated and kept under controlled conditions, 
allowing me to investigate the deterministic processes operating in these communities. I 
collected population dynamic data on each species in each community, and was able to 
compare data from different subsets of the communities to test whether the presence of a 
species had any effect on community structure or the population dynamics of the other 
species in the community. All of these experiments were based around resource 
competition between the aphids Megoura viciae and Acyrthosiphon pisum, which has 
been used in a previous experiment that investigated indirect interactions in aphid-
parasitoid communities (van Veen et al. 2005). Each experiment added a different 
combination of aphid parasitoids and hyperparasitoids to this core interaction, which 
allowed me to investigate the effects of a shared parasitoid, multiple parasitoids and 
parasitoid-hyperparasitoid interactions on community structure. 
One experiment investigated a small suite of species that potentially interact closely in 
field system. Patterns in quantitative food webs, and a previous experiment (Morris et al. 
2001), prompted a test of apparent competition between species of aphid primary 
parasitoid mediated by secondary parasitoids. The experiment attempted to investigate 
apparent competition between two primary parasitoids mediated by secondary parasitoids 
in the field by manipulating a focal species of primary parasitoid and taking advantage of 
natural populations of primary and hypeiparasitoids. 
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1.7 ANALYSIS 
The majority of data in this thesis were analysed using two approaches. Some data were 
analysed using generalized linear models (GLMs); because they are a modelling 
approach that most ecologists are familiar with, I only give a very brief outline of them. I 
also analysed data using linear mixed effects models (LME models); because many 
ecologists are less familiar with this approach, I give a more detailed how I applied LME 
models to the data presented in this thesis. 
Some forms of data, such as count data and proportion data, have errors that are not 
normally distributed. GLMs allow you to specify the error distribution of the response 
variable, and thus provide an efficient means of analysing data that is not normally 
distributed (Crawley 2002, Dalgaard 2002). Deletion of terms from the model is used to 
test the significance of factors. GLMs are used in chapter four to analyse parasitism rates, 
and in chapters two, three and five to analyse final and cumulative counts of species. 
When data includes more than one observation of an individual experimental unit, such 
as repeated counts of the number of individuals in a population, the separate counts are 
not independent, violating an assumption of standard linear models. One approach to 
analysing repeated measures data is to fit linear mixed effects models. LME models 
group the observations according to the experimental unit on which they were made. 
Treatments can be specified as fixed effects in the model, which allows us to explore 
their influence on the mean of the response. The experimental units on which the 
repeated measures were made are specified as a random effect; each experimental unit is 
associated with a deviation from an overall mean calculated for the response. 
Incorporating experimental unit as a random effect takes into account that measures made 
on the same experimental unit are correlated, and provides an efficient means of handling 
repeated measures data (Pinheiro and Bates 2000). 
To analyse the population dynamic data in chapters two, three and four, I grouped the 
data according to the cage they were collected from. I then fitted analysis of covariance 
models with numbers as the response variable, time and community composition 
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modelled as fixed effects, and time at each cage level as a random effect. The population 
dynamic data for each species were analysed separately. For the full model I fitted a 
different regression slope to the data for each community structure. Each slope represents 
the change in numbers with respect to time, so is an estimate of the average population 
growth rate over the course of the experiment, whereas the intercept of each slope is an 
estimate of average numbers. A significant difference in slopes indicated that community 
structure had an effect on the population growth rate of a species, whereas a significant 
difference in intercepts indicated that community structure had an effect on the average 
numbers of a species. 
1.8 OVERVIEW 
The main body of this thesis is divided into four chapters (two to five), each describing 
an experiment that addresses a type of aphid-natural enemy interaction. 
Chapters two, three and four describe experiments that manipulated the structure of small 
experimental communities to investigate the effects of a shared parasitoid, multiple 
parasitoids and a parasitoid-hyperparasitoid interaction on community structure and the 
population dynamics of two species of aphids competing for a shared resource. 
In chapter five I present the results of a field manipulation experiment that attempted to 
test for apparent competition between primary parasitoids mediated by secondary 
parasitoids. Spatial structure may weaken apparent competition between species (Holt 
1984), and this experiment attempted to quantify the strength of apparent competition in 
relation to spatial separation of apparent competitors. I also discuss some of the 
difficulties of conducting manipulative field experiments and incorporating spatial 
structure into insect community ecology. 
Chapter six is a summary of the results presented in chapters two through five, followed 
by a brief discussion of the applicability of these results to natural communities, and 
some suggestions for future research related to aphid-natural enemy interactions; these 
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topics are covered in detail in the discussion sections of each experimental chapter, but 
here I shall try and give a broader overview that brings together the individual results. 
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CHAPTER 2 
The contributions of interspecific resource competition and a shared 
natural enemy to the structure of a simple insect community. 
2.1 ABSTRACT 
1. Natural enemies may have a range of effects on the strength and importance of 
interspecific competition in ecological communities. 
2. Indirect effects between species that arise in multispecies communities may make 
an important contribution to the structure of ecological communities, including by 
altering the outcomes of resource competition and natural enemy interactions. 
3. I describe an experiment that attempted to dissect the roles of natural enemies and 
competition, via direct and indirect effects, on the structure of a simple 
experimental community. 
4. Replicated communities were assembled in population cages using the aphid 
species Acyrthosiphon pisum and Megoura viciae competing for the resource 
Vicia faba. The parasitoid Praon dorsale acted as a generalist natural enemy 
parasitizing both species of aphid. 
5. Population dynamic data show that interspecific resource competition was the 
dominant process structuring the community. A possible trade-off between 
competitive ability and resistance to natural enemies and a potential natural 
enemy mediated indirect effect between the two aphid species did not contribute 
to community structure. 
6. The applicability of results from simple experimental communities to natural 
systems of phytophagous insects is discussed, with an emphasis on the relative 
importance of natural enemies and competition in such communities. 
2.2 INTRODUCTION 
Competition and natural enemy interactions have long been popular subjects for 
ecological research. These processes have been intensively studied in isolation from each 
other. However, recently there has been growing awareness that the two processes are 
complementary and may interact to structure ecological communities (Menge and 
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Sutherland 1976, Menge 1992, Chase et al. 2002, Haag et al. 2004). Interactions between 
competition and predation can only occur when both competitors and predators are 
present. As such they are emergent effects of multispecies communities and may give rise 
to indirect effects that are not anticipated from studying these processes in isolation. 
Competition for limited resources is a common process within and between species in 
ecological communities (Schoener 1983), although its importance appears to vary with 
community type (Connell 1983). The effects of competition were first formally described 
by Gause (1934); using simple protist communities he demonstrated that two species 
cannot coexist if competition between species is greater than within-species competition. 
Mac Arthur and Levins (1967) expanded Cause's findings into a theory of limiting 
similiarity; if two species exploit similar points on a resource spectrum they will compete 
for resources and there will be strong negative interactions that cause competitive 
exclusion of one of the species. Species can enter into feedback loops with factors such as 
resources or natural enemies, so that the abundance of a species is limited by the factor 
and the abundance of the factor is limited by its interaction with the species. Theoretical 
studies have suggested that the number of species that can coexist in a community will be 
no more than the number of limiting factors acting on species in the community 
(Williamson 1957, Levin 1970). 
Experiments have confirmed that competition can structure communities by excluding 
species. When the algae Asterionella formosa and Cydotella meneghiniana compete for 
limited silicate in a microcosm community, C. meneghiniana excludes A. formosa by 
suppressing silicate to a lower level A. formosa needs to persist (Tilman 1977, 
1980). Field experiments also suggest that competition is an important process in natural 
communities. In a survey of the literature, Schoener (1983) found that there was 
significant interspecific competition in 95% of field experiments that tested for it. 
Like competitors, natural enemies can exclude species from communities, and natural 
enemy interactions are a common feature of ecological systems (Sih et al. 1985). Simple 
models suggest that natural enemies can cause prey populations to cycle in response to 
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perturbations (Voherra 1926), or even overexploit prey so that they are driven extinct 
(Nicholson and Bailey 1935, Hassell 2000). Huffaker (1958) used an experimental 
system consisting of the herbivorous mite Eotetranychus sexmaculatus and the predatory 
mite Typhlodromus occidentalis to show in a simple system that predators can drive prey 
to extinction, and only by adding spatial complexity could both predator and prey persist. 
When a natural enemy attacks more than one species of prey, there is a second 
mechanism, analogous to resource competition, by which a natural enemy can exclude 
prey from a community. Prey species can interact indirectly via the numerical response of 
a shared natural enemy; the increase in abundance of one species causes a decrease in the 
abundance of a second species due to a change in the numbers of a shared natural enemy. 
Because the outcome of this process is similar to resource competition it has been called 
apparent competition (Holt 1977). Apparent competition may exclude species from 
communities. One of the prey species will be able to support greater numbers of the 
shared natural enemy, which drives the other species extinct (Holt and Lawton 1993, Holt 
et al. 1994). Microcosm experiments have confirmed that apparent competition can 
exclude species from communities. Population cage experiments using the stored product 
moths Plodia interpunctella and Ephestia kuehniella and the shared parasitoid Venturia 
canescens have shown that both species of moth persisted alone with the parasitoid, but 
when both moths and the parasitoid are present E. kuehniella was driven extinct by 
elevated densities of V. canescens (Bonsall and Hassell 1997, 1998). 
Given that the simplest hypotheses predict that competition and natural enemies have a 
negative effect on species diversity, and considering the frequent occurrence of these 
processes in natural communities, how is species diversity maintained, and what 
processes operate to allow natural enemies, prey and competitors to persist in 
communities? 
A number of mechanisms have been identified that can allow natural enemies and their 
prey to persist, including non-linear functional responses, where natural enemies 
preferentially consume the most abundant prey species so natural enemy-induced 
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mortality is reduced for rare prey (Murdoch 1969, Turchin 2003), natural enemy 
aggregation, generating variation in the risk of predation (Chesson and Murdoch 1986), 
spatial structure that can generate refuges from natural enemies (Comins et al. 1992), and 
of particular interest here, putting natural enemy interactions into a multispecies setting, 
where interactions with other species can have a stabilising effect (Abrams and Matsuda 
1996, Vance-Chalcroft and Soluk 2005, van Veen et al. 2005). Similarly, there has been 
much effort put into describing mechanisms that can allow competitors to coexist. 
Environmental variability (Armstrong and McGehee 1980, Chesson 1985, Chesson 
1994), non-linear dynamics that cause competitors to respond differently to fluctuations 
in a shared limiting resource, which concentrates intraspecific competition and reduces 
interspecific competition (Levins 1979, Huisman and Weissing 1999) and spatial 
structure, which can increase intraspecific competition and reduce interspecific 
competition when species aggregate with conspecifics (Neuhauser and Pacala 1999, 
Snyder and Chesson 2003, Murrell and Law 2003), have all been cited, but natural enemy 
interactions in particular may be a powerful mechanism for allowing competitors to 
coexist (Comins and Hassell 1976, Caswell 1978, Vandermeer and Maruca 1998, 
Abrams 1999, Chesson 2000). Experiments have confirmed that natural enemies have the 
potential to enhance diversity by relaxing competition. The predatory starfish Pisaster 
ochraceus consumes the bivalve Mytilus californianus and the barnacle Balanus 
glandula, which relaxes competition between the two species for space, allowing them to 
coexist. 
One approach to understanding how species persist in the face of competition and natural 
enemies is to study the relative contributions of these processes to diversity and how they 
may interact to determine community structure. In a review of the effects of predation on 
competition. Chase et al. (2002) focussed on a module of two species competing for a 
resource with a single predator, and concluded that predators may have a major impact on 
competition, but that the outcomes were not straightforward. Predation or competition 
may be the dominant process determining community structure (Holt et al. 1994), and 
predation may counter or enhance the effects of competition. 
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To understand these outcomes, we need to understand the mechanisms that underpin 
them. Examples of possible mechanisms by which natural enemies allow competitors to 
coexist include predators acting as a limiting factor on the species (Levin 1970), 
frequency dependent predation, where the most common prey species is preferentially 
attacked (Murdoch 1969, van Baalen et al. 2001), and the presence of a trade-off between 
competitive ability and resistance to natural enemies (Leibold 1996, Kraaijeveld and 
Godfray 1997), so the species that is the dominant resource competitor has a higher level 
of natural enemy-induced mortality, which allows the inferior competitor to persist in the 
community. 
In communities with competition and natural enemies, there is the potential for indirect 
effects, where the effect of one species on another is determined by the presence of a 
third species (Strauss 1991, Wootton 1994, chapter one). These effects may influence the 
diversity of multispecies communities. Indirect effects can be density-mediated; a change 
in the density of one species can cause a change in the density of a second species with 
which it does not interact directly, and this effect is propagated via changes in the density 
of an intermediate species (Abrams 1995). Long-term apparent competition is a classic 
example of a density-mediated indirect effect (Holt 1977). Alternatively indirect effects 
may be trait-mediated, where a third species modifies the interaction between two species 
(Abrams 1995, Werner and Peacor 2003). Experiments with the fish Cottus bairdi and 
the stonefly Agnetina capitata have shown that when they both feed on larvae of the 
mayfly Baetis tricaudatus, consumption rates are lower than expected from each 
predators consumption rate in isolation, suggesting reciprocal negative trait-mediated 
indirect effects between C. bairdi and^. capitata, via an enhanced antipredator response 
from 5. tricaudatus in the presence of both predators (Soluk and Collins 1988). Trait-
mediated indirect effects have also been demonstrated in linear food chains (Turner and 
Mittelbach 1990), and between species that share a natural enemy (Miiller and Godfray 
1997, Harmon et al 2000). 
Competition and natural enemy interactions are commonplace in phytophagous insect 
communities (e.g. Stiling and Strong 1984, Karban 1989, Mopper et al. 1990, Moran and 
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Whitham 1990, Denno et al 1995, Memmott et al. 1994, Miiller and Godfray 1997, 
Miiller et al. 1999, Morris et al. 2004), and it has been suggested that indirect effects may 
influence the structure of these communities (Miiller and Godfray 1997, Miiller and 
Godfray 1999, Vos et al. 2001, van Veen et al. 2006). Van Veen et al. (2005) explored 
the importance of parasitism and competition, and the influence of indirect effects, in a 
series of experimental communities. Field studies had suggested that two species of 
aphid, Megoura viciae and Acyrthosiphon pisum, coexist on the same plants along with 
the parasitoid Aphidius ervi, which only attacks A. pisum. In population cage experiments 
where the two aphid species were provided with Vicia faba as a food source, A. pisum 
competitively excluded M. viciae. When A. pisum was kept with A. ervi, the host-
parasitoid interaction was unstable and A. pisum was driven to extinction. However, 
when all three species were kept together, all species persisted, despite competition and 
parasitism, due to the influence of trait- and density-mediated indirect effects. A. ervi had 
a positive density-mediated indirect effect on M. viciae by suppressing A. pisum numbers 
and thus relaxing competition between the two aphid species, so M. viciae was able to 
persist. M. viciae had a positive trait-mediated indirect effect on^L pisum. A. ervi wasted 
time examining M. viciae so it was less efficient at parasitizing A. pisum, as a result A. 
pisum was not over exploited and the host-parasitoid interaction was stable. 
The findings of van Veen et al. (2005) prompted the experiment outlined below, which 
explores the roles of competition, parasitism and indirect effects in a simple community 
where two species compete for a resource and a parasitoid attacks both species. I based 
the experiment on a community containing A. pisum and M. viciae, which compete 
strongly in population cages but are also known to coexist at our study site, and the 
parasitoid Praon dorsale, which attacks a relatively broad range of hosts and appears to 
mediate indirect interactions between several species of aphid at our field site (Miiller et 
al. 1999). van Veen et al. (2005) have shown that indirect effects are present in simple 
communities such as this, but here we also include a potential trade-off between 
susceptibihty to parasitoids and competitive ability, the possibility of apparent 
competition, and the opportunity for the natural enemy to show a frequency dependent 
functional response. M. viciae is attacked by few species of parasitoid and rarely suffers 
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from pathogens or predation at our field site, whereas A. pisum is readily attacked by 
several species of parasitoid, pathogen and predator, suggesting M. viciae is more 
resistant to natural enemies. I hypothesised that M. viciae would be a poorer host for P. 
dorsale, and that P. dorsale would prevent competitive exclusion of M. viciae from 
communities where it competes with A. pisum for resources, primarily because of a trade-
off in between susceptibility to P. dorsale and competitive ability. 
I tested these hypotheses with two experiments. The main experiment used replicated 
population cage communities to explore the effect of P. dorsale on competition between 
A. pisum and M. viciae, and investigate the individual aphid-parasitoid interactions. 
Experimental treatments consisted of each aphid species in isolation, individual aphid-
parasitoid interactions, resource competition between aphids, and the full community 
containing both species of aphid and P. dorsale. Time series data were collected for all 
species in each treatment and comparisons between time series were used to determine 
which processes influence community structure. The second experiment investigated 
whether M. viciae or A. pisum is the better host for P. dorsale, based on time from 
oviposition to mummification, time from mummification to adult emergence and 
proportion of mummified aphids that produce adult parasitoids. 
The first experiment showed that resource competition was the dominant community 
structuring process, and despite evidence from the second experiment for a trade-off 
between competitive ability and susceptibility to P. dorsale, and the potential for indirect 
effects that may have stabilised community structure, the poor numerical response of P. 
dorsale meant that the direct effect of parasitism and any indirect effects were to weak to 
allow A. pisum and M viciae to coexist. 
2.3 MATERIALS AND METHODS 
Study organisms 
Megoura viciae (Buckton) and Acyrthosiphon pisum (Harris) are species of aphid that co-
occur in natural communities feeding on Lathyrus spp. and Vicia spp., and may be found 
on the same plant. Both species are cyclical parthenogens at our study site, where periods 
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of parthenogenetic reproduction are interspersed with sexual generations. 
Parthenogenetic females give birth to live young with embryos of the next generation 
developing inside them, allowing high rates of population growth. Sexual generations 
periodically intersperse periods of asexual reproduction, for example in response to 
changes in temperature and photoperiod that indicate autumn (Via 1992), when the 
sexual generation produces eggs that may increase the chance of overwintering 
successfully (Dixon 1998). Like many aphid species M. viciae and/4, pisum exhibit 
polyphenism; environmental conditions trigger the development of parthenogenetic 
individuals into either a wingless morph (aptera) or a winged dispersal morph (alate). 
Production of the winged morph is triggered by the mother living in crowded conditions 
(Lees 1967), changes in day length (Matsuka and Mittler 1978), resource quality 
(Sutherland 1969) and interactions with natural enemies (Mtiller et al 2001, Sloggett and 
Weisser 2002). In these situations it may be advantageous to produce individuals that can 
disperse and look for new resources or patches with fewer natural enemies, although 
production of the winged morph may carry fitness costs, such as reduced fecundity 
(Dixon 1998). A. pisum is attacked by a number of species of primary parasitoid in the 
field (Miiller et al. 1999), and is heavily attacked by generalist aphid predators and broad 
range aphid pathogens. There is experimental evidence that M. viciae is toxic to some 
predators (Dixon 1958), which may explain why it is rarely attacked by parasitoids, 
pathogens or predators at our field site. Both species of aphid used in this experiment 
each originate from a single clone collected from L. uliginosus at our study site in 
Silwood Park. Prior to the start of the experiment they were reared on Vicia faba in 
separate population cages. 
Praon dorsale (Haliday) is a primary parasitoid of aphids belonging to the Aphidiinae 
(Ichneumonoidea, Braconidae). At our field site it has a relatively broad host range and 
will successfully parasitize M viciae and A. pisum (Mtiller et al. 1999). P. dorsale is a 
solitary koinobiont endoparasitoid; it oviposits inside early instar aphids, although more 
than one egg may be placed in a single host, only one adult will emerge. Following 
oviposition there is a delay during which the aphid continues to feed and grow, before the 
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juvenile parasitoid consumes its host and pupates inside the husk. I obtained P. dorsale 
by collecting mummified large nettle aphids (Microlophium carnosum) and rearing P. 
dorsale from them. Prior to the start of the experiment P. dorsale were kept in population 
cages with M. viciae provided as a host. 
Experimental design 
Population dynamics 
I set up six different treatments using combinations of A. pisum, M. viciae and P. dorsale 
(figure 2.1). The six treatments were: each species of aphid in isolation, M. viciae andv4. 
pisum competing for resources, P. dorsale parasitizing A. pisum, P. dorsale parasitizing 
M viciae, and the full treatment containing both species of aphids and P. dorsale. 
Population dynamic data from each treatment were compared to determine the effects of 
shared parasitism and resource competition. 
The treatments composed of a single aphid species were replicated four times, all other 
treatments were replicated eight times. These levels of replication were chosen as a 
compromise between the time consuming task of counting each species and sacrificing 
statistical power to detect treatment differences in population dynamics. The single aphid 
cages were replicated fewer times because logistic constraints limited the number of 
replicates that I could include in the experiment. I predicted that their population 
dynamics would be less variable, and therefore require lower replication to detect 
deterministic patterns, and the information they provide was less useful for meeting the 
aims of the experiment than the other treatments. 
Each replicate consisted of a 30 x 30 x 30cm clear Perspex population cage containing 
eight pots of Vicia faba (The Sutton), kept in a controlled environment room at 20° C, 
75% relative humidity, with a 16:8 hours light:dark cycle. Four V.faba seeds were 
planted in each pot and grown in a greenhouse for two weeks before being added to the 
cages. The pots were subject to a staggered renewal regime; pots were divided into pairs 
and twice a week the two oldest pots were removed, then any aphids and parasitoid 
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mummies were returned to the cage along with two fresh pots. Aphid populations were 
initiated by adding five adult apterae of the appropriate species to each cage, followed by 
another five apterae one week later to ensure overlapping generations. 
Ten weeks after the first aphids were introduced, two mated female P. dorsale were 
added to the appropriate cages, followed by a second batch one week later, to ensure 
overlapping parasitoid generations. In the cages containing both species of aphids, M. 
viciae numbers were very low due to the competition with A. pisum, these cages were 
inoculated with approximately 100 M viciae apterae at the same time as the first 
parasitoid introduction. 
Once a week the number of aphids and aphid mummies of each species were counted on 
one pot from each pair of pots in each cage. Aphid numbers were divided into nymphs, 
apterae and alates for each species. The numbers of adult parasitoids were counted for 
each whole cage. Data were collected for 16 weeks from communities without parasitoids 
and 27 weeks for communities with parasitoids. 
Parasitoid performance 
I compared the time to mummification, time to adult emergence and proportion of 
parasitoids that survive pupation, i.e. from mummification to adult emergence, of P. 
dorsale parasitizing M. viciae and^. pisum. Ten second instar aphids of each species 
were placed on a V. faba plant and exposed to one mated female P. dorsale for 24 hours. 
This set up was replicated twelve times for each host species. Aphids were kept in a 
controlled-environment room (20°C, 75% relative humidity, 16:8 hours light:dark cycle), 
and were checked daily until mummification. Mummies were kept in individual gelatine 
capsules and checked once every 24 hours until adult parasitoids emerged. 
Statistics 
Linear mixed effects models were used to compare the population dynamics of species in 
different communities and the effect of P. dorsale on the proportion of adults and 
proportion of adult alates of each aphid species. I compared the population dynamics of 
38 
Chapter 2 Competition and shared parasitism 
each aphid species in the single aphid communities and the competition community using 
the first 16 weeks of data to determine the effect of resource competition on aphid 
population dynamics. Comparisons between the population dynamics of each aphid 
species in isolation and each aphid with P. dorsale were used to determine the effect of P. 
dorsale on the population dynamics of M. viciae and^. pisum, using data collected after 
week ten when P. dorsale was first introduced to the appropriate treatments, I compared 
the population dynamics of each species in the competition and full communities and P. 
dorsale on each host species to determine whether P. dorsale affected competition, and 
whether alternative hosts affected P. dorsale dynamics; data collected after week ten 
were used for the comparisons. Count data were square root transformed, while adult and 
alate proportion data were arcsine transformed to normalise errors and ensure constancy 
of variance. Data were then grouped by replicate. Time and an element of community 
composition were modelled as factors (depending on the comparison being made), and 
models were fitted using a maximum likelihood method that allows comparison of 
models with different fixed effects structures (Crawley 2002). Deletions of the interaction 
term and community composition term were used to test for the significance of 
community composition on population growth rate and average numbers respectively. 
For more information on the linear mixed effects approach and the biological 
interpretation of the model terms please see chapter one. 
Weekly counts were summed to provide cumulative numbers. These values are derived 
variables, and were treated as summary statistics of the population dynamic data. They 
were analysed using GLMs with community composition modelled as a factor. Poisson 
errors were fitted, or where there was evidence of overdispersion, quasipoisson errors 
were used. 
Student's t-test was used to compare the mean times until mummification and emergence 
of P. dorsale on M. vicae and A. pisum. A contingency table was used to investigate 
whether there was an association between host species and the number of mummies that 
successfully emerged as adult parasitoids, a test was used to test whether the 
association was significant. 
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Figure 2.1 Experimental community structures, (a) Full community. A. pisum and M. viciae 
competing for V. faba, parasitized by P. dorsale. (b) Competition community. A. pisum and M. 
viciae competing for V.faba. (c) Host-parasitoid community. A. pisum parasitized by P. dorsale. 
(d) Host- parasitoid community. M. viciae parasitized by P. dorsale. (e) Single species. M viciae 
and resource, (f) Single species. A. pisum and resource. 
2.4 RESULTS 
Aphids 
The first experimental treatment studied M. viciae and A. pisum populations in isolation 
(figures 2.2a and 2.2b). Initially M. viciae numbers increased to a peak of 5376 ± 1026 
aphids per cage (mean ± SE), before stabilising around 2543 ±261 aphids per cage, an 
average of 7% of each population were adults, 5% of which were winged alates. A. pisum 
numbers showed a similar pattern, increasing to apeak of 5723 ± 1379, before stabilising 
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at 3568 ± 237 aphids per cage, an average of 11% of each population were adults, of 
which 52% were winged alates. 
Competition 
In the second treatment the aphids M. viciae and A. pisum were allowed to compete for 
resources in the absence of parasitism (figure 2.2c). Numbers of both species increased 
during the initial period following set up. A. pisum numbers stabilized, fluctuating at 
around 2895 ±216 aphids per cage, whereas M. viciae numbers declined rapidly from a 
peak of approximately 2570 ±417. Despite re-inoculation with M. viciae in week 10, by 
week 16 three cages were extinct; in the remaining cages numbers had fallen to less than 
60 M viciae, with one exception, where there were 1424 M. viciae individuals. Test 
statistics suggest that competition from A. pisum did not have a significant effect on M 
viciae population growth rate and average numbers (time:competitor effect, likelihood 
ratio test = 1.4, N.S., competitor effect, likelihood ratio test = 0.07, N.S.) but did have a 
significant effect on cumulative numbers of M. viciae (Fijo = 109, p<0.001). There was 
not a significant reciprocal competitive effect of M. viciae on average A. pisum numbers 
or growth rate (competitor effect, likelihood ratio test = 0.4, N.S., time:competitor effect, 
likelihood ratio test = 0.8, N.S.), but there was a significant effect on cumulative numbers 
(Fi,io = 7.2,/) = 0.02). 
Aphid-parasitoid 
The third experimental treatment studied the interaction between A. pisum and P. dorsale 
(figure 2.2d). A. pisum populations were allowed to establish before P. dorsale were 
added. The analysis only included six cages, because P. dorsale failed to establish in the 
other two. Following P. dorsale addition, A. pisum numbers and population structure 
were stable, fluctuating around 2906 ± 158 aphids per cage, 11% of which were adults 
and 57% of adults were winged alates. Once introduced, P. dorsale numbers initially 
increased to a peak of 23 ± 12 parasitoids per cage. After this peak numbers declined 
steadily, until the end of the experiment 17 weeks after P. dorsale were added, when the 
parasitoid was extinct in four cages, at very low numbers in one cage (2 individuals) and 
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at high numbers in the final cage (32 individuals). It appears that P. dorsale struggles to 
persist on high densities of A. pisum. 
I used the same approach for the interaction between M. viciae and P. dorsale (figure 
2.2e). P. dorsale failed to estabhsh in two cages, so six were included in the analysis. 
Following P. dorsale introduction, M. viciae numbers remained stable at approximately 
3295 ±341 aphids per cage, of which 6% were adults and 4% of adults were winged 
alates. P. dorsale numbers increased steadily to a peak of 39 ± 15 parasitoids per cage 13 
weeks after introduction, before stabilising to averages of 29 ± 10 and 28 ± 12 parasitoids 
per cage for the 16'*^  and I?"' weeks respectively. At the end of the experiment, 17 weeks 
after P. dorsale was introduced, it was persisting in four cages and had gone extinct in the 
other two. This result suggests that P. dorsale will persist on high densities of M.viciae. 
P. dorsale did not have a significant effect on M viciae population growth rate 
(time:parasitoid effect, likelihood ratio test = 0.8, N.S.), weekly numbers (parasitoid 
effect, likelihood ratio test = 0.3, N.S.), population structure (timeiparasitoid effect, 
likelihood ratio test =0.15, N.S. parasitoid effect likelihood ratio test = 1.6, N.S.), the 
proportion of adults produced that were alates (time:parasitoid effect likelihood ratio test 
= 0.22, N.S. parasitoid effect, likelihood ratio test = 0.0, N.S.) or on cumulative numbers 
(Fi,io = 0.2, N.S.). Similarly, P. dorsale did not have a significant effect on^L pisum 
average numbers (parasitoid effect hkelihood ratio test = 1.3, N.S.), population growth 
rate (time:parasitoid effect, likelihood ratio test = 0.00, N.S.), population structure 
(time:parasitoid effect, likelihood ratio test = 0.4, N.S., parasitoid effect likelihood ratio 
test = 0.0, N.S.) or on the proportion of adults that were alates (time:parasitoid effect 
likelihood ratio test = 0.9, N.S. parasitoid effect likelihood ratio test = 1.4, N.S.). Average 
P. dorsale numbers were significantly higher when provided with M. viciae as hosts 
compared to A. pisum (host effect, hkelihood ratio test = 41.8, p<0.001), but the 
population growth rate of P. dorsale was not significantly affected by host species 
(time:host effect, likelihood ratio test = 0.014, N.S.), neither were the cumulative 
numbers of P. dorsale (Fijo= 2.7, N.S.) 
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Competition and parasitism 
Finally 1 studied the effect of P. dorsale on competition between A. pisum and M. viciae 
(figure 2.2 f). P. dorsale failed to establish in one cage, so only seven were included in the 
analysis. Prior to parasitoid addition both aphid populations increased until competition 
stabilised A. pisum numbers and triggered a decline in M. viciae numbers. Following P. 
dorsale introduction, M. viciae numbers continued to decline; six weeks after P. dorsale 
was added M. vicae was extinct in five cages and at very low numbers (<40) in the 
remaining two cages. In contrast, A. pisum numbers remained stable at approximately 
2983 ± 140 aphids per cage. Following introduction, P. dorsale numbers initially grew to 
a peak of 13 ± 5 parasitoids per cage, before declining steadily. 17 weeks after P. dorsale 
were added, they were extinct in five cages and present in very low numbers in the 
remaining cages (<10). 
Including P. dorsale in the community did not have a significant effect on the rate at 
which M. viciae declined due to competition with pisum (time:parasitoid effect, 
likelihood ratio test = 2.3, N.S.), average numbers of M. viciae (parasitoid effect 
likelihood ratio test =1.1, N.S.), or on cumulative M viciae numbers (Fijs = 0.95, N.S.). 
A. pisum numbers and population growth rate were not significantly affected by the 
combined presence of P. dorsale and M. viciae (competitor-parasitoid effect likelihood 
ratio test = 0.06, N.S., time:competitor-parasitoid effect likelihood ratio test = 0.9, N.S.), 
neither were cumulative numbers of A. pisum (Fijs = 3.72, N.S.). 
The population growth rate of P. dorsale was significantly lower when provided with 
mixed, competing populations of M. vicae andv4. pisum compared to M. viciae alone 
(time:host effect likelihood ratio test = 5.4, p = 0.02), as were the cumulative numbers of 
P. dorsale (Fiji = 13.6, p=0.003). However the population growth rate of P. dorsale on 
mixed host populations was not significantly lower than the growth rate on A. pisum 
alone (time:host hkelihood ratio test =0.0, p = 0.93), but average and cumulative P. 
dorsale numbers were significantly lower when provided with mixed hosts compared to 
A. pisum alone (average numbers host effect likelihood ratio test = 5.16,/? = 0.02, 
cumulative numbers Fij i = 5.4,/? = 0.04). 
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Parasitoid performance 
Data were collected from 35 parasitized M viciae and 34 parasitized A. pisum. 
Parasitized M. viciae took significantly longer than parasitized^, pisum to mummify 
(figure 2.2a, t=11.3, p<0.001). Host species had no effect on the length of time between 
mummification and emergence of the adult parasitoid (figure 2.2b, t=0.8, N.S.). 
Significantly fewer juvenile parasitoids reared on M. viciae, having reached 
mummification, survived to emerge as adult parasitoids compared to parasitoids reared 
onJL pisum (0.41 parasitoids per mummy from M viciae, 0.85 parasitoids per mummy 
from^. pisum, %^i=15.6, p<0.001). 
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Figure 2.2 Numbers (means ± SE) in the six experimental communities, averaged across 
replicates, (a) and (b) M. viciae and A. pisum respectively, in isolation. Following an initial 
growth period both populations are relatively stable, (c) Resource competition between M viciae 
and A. pisum. M. viciae is competitively excluded, (d) P. dorsale - M. viciae interaction. P. 
dorsale is able to invade and persist, (e) P. dorsale - A. pisum interaction. After an initial period 
of population growth, P. dorsale declines towards extinction, ( f ) A. pisum and M. viciae 
competing for a shared resource and parasitized by P. dorsale. M. viciae is competitively 
excluded and P. dorsale struggles to persist. 
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2.5 DISCUSSION 
I have described a population cage experiment that attempted to dissect the contributions 
of predation and competition to a three-species community via direct and indirect effects. 
van Veen et al. (2005) provided evidence that density- and trait-mediated indirect effects 
can stabihse a three-species community, composed of unstable pair-wise interactions, 
where two species compete for a resource and a natural enemy attacks the dominant 
competitor. Prompted by these findings, I set up an experiment to explore the properties 
of a three-species system where the aphids Megoura viciae and Acyrthosiphon pisum 
compete for Vicia faba and the parasitoid Praon dorsale attacks both species. I collected 
time series data from replicates of all components of this community (species alone, 
competition, host-parasitoid interactions, and the full community). By comparing 
population dynamic data from each of the community types I was able to explore the role 
of different interactions in determining the structure of the full community. A subsidiary 
experiment tested the performance of P. dorsale on A. pisum and M. viciae, with the 
intention of providing insights into dynamics of the aphid-parasitoid interactions. 
In our simple population cage system each species of aphid persisted with relatively 
stable population dynamics when supplied with V.faba. However, when both species 
were introduced to the same cage, A. pisum excluded M. viciae from the community 
tlirough resource competition. 
The parasitoid P. dorsale was able to invade large populations of M. viciae, and persist at 
a relatively constant density, with no detectable effect on host abundance or dynamics. In 
contrast, P. dorsale struggled to invade and persist on large populations of A. pisum-, 
following introduction to the community, P. dorsale numbers went through a short period 
of growth before declining steadily to extinction, with no effect on host abundance or 
dynamics. The population dynamics of the individual P. dorsale-dcphid interactions 
suggested that P. dorsale would mediate a negative indirect interaction between M. viciae 
and^. pisum because M viciae would enable P. dorsale to persist in the community. 
There was also the possibility that A. pisum would have a positive density-mediated 
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indirect effect on M viciae by suppressing P. dorsale numbers and making it difficult for 
the parasitoid to persist, thus reducing parasitism of M. viciae. 
There was the potential for P. dorsale to have a more subtle effect on its host species by 
altering the proportion of winged to wingless adults produced. Winged adults often have 
reduced fecundity (Dixon 1998), so a shift in the proportion of winged to wingless adults 
could have affected the relative fitness of the hosts. Also, because M viciae supported 
greater numbers of P. dorsale, there could have been a parasitoid-mediated indirect effect 
of M viciae on A. pisum, increasing the proportion of winged aphids produced. Time 
series data suggested that there was no effect of P. dorsale on winged aphid production, 
this may have been due to intense crowding in the population cages, which is another 
factor known to trigger winged aphid production, and may have masked any parasitoid 
effect. 
Short-term experiments indicated that P. dorsale developed faster and a higher proportion 
of juveniles reached adulthood when A. pisum was the host compared to M. viciae, 
suggesting that there is a trade-off between competitive ability and natural enemy 
susceptibility in our system. Population dynamic data from the treatment that included A. 
pisum, M. viciae and P. dorsale show that resource competition was the dominant 
community structuring process, and interactions with A. pisum determined the dynamics 
o f f . dorsale, so P. dorsale numbers were lower than if it was invading a pure M viciae 
population, indicating that there may have been a positive indirect effect of A. pisum on 
M. viciae through reduced parasitoid numbers. However, if there was an effect it was 
unable to counter the negative effect of resource competition and M viciae was excluded 
from the community. Contrary to predictions based on the competitive ability and 
susceptibility of M viciae and^. pisum to P. dorsale, there was no evidence that a 
competition-susceptibility trade-off had any effect on community structure, or the 
persistence time of M. viciae competing withyi. pisum. 
The low population growth rate and abundance of P. dorsale, particularly when 
parasitizing A. pisum, appears to have prevented P. dorsale having an effect on resource 
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competition between alternative host species. But why did P. dorsale perform so poorly 
when provided with an abundance of potential hosts? P. dorsale can successfully 
parasitize A. pisum and M. viciae, but struggled to establish on A. pisum populations 
despite evidence that A. pisum is more vulnerable to parasitism. The numerical response 
of a parasitoid can prevent it persisting on an abundant host population. Ives and Settle 
(1995) conducted a population cage experiment where the ^diXdisitoid Aphidius ervi was 
allowed to invade a large population of A. pisum. Within seven parasitoid generations A. 
ervi was extinct, despite having a high potential fecundity and an abundant supply of 
hosts. Further experiments led them to argue that the parasitoid numerical response, i.e. 
the number of parasitoids produced per host killed, was sufficiently low that too few 
parasitoids were being produced to keep up with parasitoid mortality, and thus the 
population declined. 
A. ervi, in common with P. dorsale undergoes a period of arrested development following 
oviposition, before finally killing its host. During this period, the fate of the juvenile 
parasitoid is tied to the survival of its host, and is subject to mortality factors acting on its 
host. When kept in population cages, A. pisum populations undergo relatively large 
fluctuations as a result of overexploiting resources (T Jones, personal observation). There 
are periods of intense density-dependent mortality, and these periods may act as 
bottlenecks that adversely affect the parasitoid numerical response, via juvenile mortality, 
so the parasitoid struggles to persist. This also implies that there may be a tlireshold host 
density below which sufficient parasitized aphids survive, and the parasitoid is able to 
invade and reach sufficient numbers to limit the aphid population and prevent the 
resource-driven fluctuations. In contrast, cage populations of M. viciae fluctuate less, and 
don't appear to go through periods of intense density-dependent mortality, which may 
explain why P. dorsale was able to invade and persist on M viciae. 
Ives and Settle (1995) reported that the mortality rates of A. pisum parasitized by A. ervi 
are greater than the mortality of unparasitized individuals, making it even more difficult 
for parasitoids to persist during periods of high host mortality. However, the effects of a 
delay between oviposition and host death are not straightforward. There is evidence that 
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the mortality of the moth Plodia interpunctella may be reduced when parasitized by the 
larval parasitoid Venturia canescens (Cameron et al. 2005), and parasitized hosts may 
outcompete unparasitized hosts, with implications for host and parasitoid population 
dynamics (Spataro and Bernstein 2004, Cameron et al. in press. White et al. in press). 
I will now discuss criticisms of the findings presented above. Mixed effects models 
suggested that there was no effect of competition or parasitism on the abundance or 
population growth rates of M viciae and^. pisum, in contrast to an analysis of 
cumulative numbers. This may be because the single aphid species communities were 
only replicated four times, so there were few degrees of freedom, requiring that 
differences in population dynamics be very large for them to be statistically significant, 
whereas summing the populations amplified small weekly differences, producing a 
statistically significant result. 
When I established the full aphid-parasitoid communities, the parasitoids were added ten 
weeks after the aphids had been introduced, and M. viciae numbers had already fallen 
greatly from an earher peak as the species headed towards extinction. Despite re-
inoculations with M. viciae at the time of parasitoid introduction, parasitoids had no 
effect on the exclusion of M. viciae from the community. Earlier introduction of the 
parasitoid, when M. viciae and A. pisum numbers were more evenly balanced, may have 
made it easier for P. dorsale to establish and have a greater influence on community 
structure. 
The sequence that species join a community can affect population dynamics and 
community structure. When experimental communities were assembled using the moth 
Plodia interpunctella, the pathogen granulovirus and the parasitoid Venturia canescens, 
addition of V. canescens to a P. interpunctella-gvm\x\o\\ms system rapidly resulted in 
multigeneration cycles that led extinction of the system, whereas introducing 
granulovirus to a P. interpunctella-V. canescens system caused a slow move to 
multigeneration host-parasitoid cycles or irregular dynamics and long-term persistence of 
the system (Sait et al 2000). It is possible that assembly order of species in our 
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experiment could have affected the persistence of the full communities and the relative 
importance of natural enemies and competition, in all replicates the aphids were allowed 
to establish before parasitoids were introduced, and this could have resulted in the density 
mediated effect discussed above where P. dorsale is unable to establish. One can 
speculate that had P. dorsale been allowed to establish on pure populations of M. viciae 
before the introduction of A. pisum, P. dorsale may have reached sufficient numbers to 
relax resource competition between the two aphid species and allow coexistence. For 
logistic reasons we were unable to include different assembly orders in this study. 
Populations may be subject to a period of transient dynamics immediately following 
introduction of a new species to a community. Noonberg and Abrams (2005) conducted a 
theoretical study of a community of two species competing for a resource and attacked by 
a shared natural enemy, analysis of the long-term dynamics predicted that the community 
should persist, but assembling the community by sequential addition of species triggered 
transient dynamics that resulted in the loss of species from the community. I constructed 
the experimental communities discussed above by staggered addition of species, a 
process that may have triggered episodes of transient population dynamics. The results 
presented here may reflect the transient dynamics of the system, rather than the processes 
that are important in communities that persist long enough to recover from these transient 
periods following species addition. The small scale and spatial homogeneity of the 
communities used here may make them particularly vulnerable to species loss during 
periods of transient dynamics, so any interpretation of the above results should bare this 
in mind, however natural aphid populations fluctuate over the summer season and so 
aphid communities may regularly have periods of transient dynamics triggered by these 
fluctuations. 
Given the caveats discussed above, how relevant to natural communities are the results 
presented here? In a set of greenhouse and field experiments Hanna et al. (1997) explored 
the effects of predation and competition on the herbivorous mite Tetranychus pacificus. 
Greenhouse experiments provided evidence for resource competition between the mite 
Eotetranychus williamettei and T. pacificus, but this finding was not supported by field 
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experiments. Instead, the direct effects of predation and indirect effects of apparent 
competition are the dominant processes affecting the population dynamics of T. pacificus 
in the field. I found that there was a very strong effect of resource competition between A. 
pisum and M. viciae in population cages, but both species occur at much lower densities 
at our field study site, so resource competition may be much less important and we may 
be able to draw parallels with Hanna et al. and the increased importance of natural 
enemies in field communities. 
Primary parasitoids do not appear to limit aphid densities at our field site because their 
numbers are suppressed by a guild of secondary parasitoids (van Veen et al. 2002). 
However there is a wide range of natural enemies including predators and pathogens that 
attack aphids and appear to make a significant contribution to limiting numbers. These 
natural enemies are more likely to attack^, pisum than M. viciae, so processes analogous 
to those suggested by the results generated by my experimental system may operate at 
our field site, if not due to shared parasitoids possibly due to other types of natural 
enemy. Natural enemies could have a dominant role in structuring the aphid community 
at our field site, and the potential natural enemy-mediated indirect effects between 
species of aphids identified in this experiment could make a substantial contribution to 
community structure. 
In conclusion, our laboratory experiments have shown that resource competition can 
determine the structure of multispecies communities, but there is potential for natural 
enemies to contribute to community structure, particularly via indirect effects, when 
competition is relaxed. Further work is required to determine how the findings presented 
here apply to natural communities. 
Information from the host-parasitoid interactions included in this study suggest host 
population dynamics may dictate whether parasitoids are able to establish in a 
community, however, work is required to understand how interactions between host 
population dynamics, parasitoid numerical response and competition between parasitized 
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or DKdapafaHknd can invade 
population. 
Assembly order and transient dynamics following species introduction may have 
influenced the results presented here. Further work is required to address the importance 
of these processes in phytophagous insect communities in temperate habitats, where the 
community is effectively reassembled at the start of each season. 
55 
Chapter 3 Multiple parasitoids 
CHAPTER 3 
The impact of multiple parasitoids on competing aphid species in 
experimental communities. 
3.1 ABSTRACT 
1. Multiple natural enemies sharing prey species are a common feature of natural 
communities. Here I explore the long-term impact of multiple parasitoids on 
aphids. 
2. Replicated experimental communities composed of the aphids Acyrthosiphon 
pisum and Megoura viciae competing for the Vicia faba were established. 
Treatments involved adding either Aphidius eadyi, a parasitoid that attacks A. 
pisum, or A. eadyi and Praon dorsale, a parasitoid that attacks both species of 
aphid. 
3. Stage-structured time series data of all populations was collected for a period 
of 21 weeks. 
4. Adding P. dorsale to the community had no impact on persistence of any of 
the species, but had a negative effect on the numbers of all species 16 weeks 
after introduction. 
5. The population dynamics and stage-structure of Acyrthosiphon pisum, the 
main host of both parasitoids, were negatively affected by the presence of a P. 
dorsale over the duration of the experiment. 
6. The findings of this experiment suggest that the composition of parasitoid 
communities may influence the structure and function of their host 
communities. 
3.2 INTRODUCTION 
It is common in natural communities for prey to be attacked by more than one species 
of natural enemy. The combined effects of natural enemies that share prey may have 
important implications for community structure and function, particularly where 
multiple natural enemies interact to affect prey consumption rates. 
Studying the interaction between a single species of natural enemy and its prey has 
provided important insights into the role of natural enemies in structuring ecological 
communities. Simple predator-prey models, with no prey density-dependence, a linear 
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functional response and no developmental time lags produce neutrally stable predator 
prey cycles, where the amplitude of the cycle is determined by perturbation of the 
predator or prey population away from its equilibrium (Volterra 1926). Adding 
biological realism to the model suggests that natural enemy-prey interactions tend 
towards instability. Nicholson and Bailey (1935) modelled a simple host-parasitoid 
interaction, where a parasitoid randomly searched for hosts and there was a delay in 
production of the next generation of parasitoids, which produced unstable host-
parasitoid oscillations leading to the extinction of both species. Similarly, simple 
models of a natural enemy attacking two species of prey suggest that natural enemies 
can drive the exclusion of species from communities. Holt (1977) modelled a 
community of two prey species using separate resources that share a natural enemy. 
The prey species that was able to support the highest density of natural enemies 
persisted, and the other species was excluded because natural enemy attack rates were 
to high to maintain a non-negative population growth rate, a process called Long-term 
apparent competition. Population cage experiments using two species of stored 
product moth and a shared parasitoid confirmed that a shared natural enemy can 
exclude species from a community (Bonsall and Hassell 1997, 1998), and 
experimental manipulations of a tropical leaf miner community have provided 
evidence from a natural community that alternative prey species can have a negative 
effect on one another via a shared natural enemy (Morris et al. 2004). 
However, food web studies suggest that unstable natural enemy-prey interactions and 
the exclusion of alternative prey species are not dominant features of natural 
communities (e.g. Paine 1966, Martinez 1991, Memmott et al 1994, Miiller et al. 
1999). One approach to reconciling the predictions of simple models with 
observations of natural communities has been to explore the effects of increasing the 
biological realism and complexity of simple systems (Hassell 2000), which has 
proven fruitful for the study of the effects of multiple natural enemies on community 
structure and function (Sih et al. 1998). 
Almost all prey species are subject to attack by many species of natural enemy, and 
the effects of natural enemies on prey species may be independent, or they may 
interact to have an enhanced or reduced effect on prey consumption. Interactions may 
be trait-mediated, where the presence of multiple predators causes a change in the 
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behaviour of the other predators or a shared prey species (Soluk 1993, Abrams 1995), 
or may be density-mediated, where predator species interact to cause changes in 
predator density, either by consumption of each other (Polis et al 1989), or by the 
suppression of a shared prey species (May and Hassell 1981). 
Trait-mediated interactions between natural enemy species may reduce, enhance, or 
have no effect on the consumption of a shared prey species (Sih et al 1998). The 
dragonfly larvae Anax Junius and Tramea Carolina feed on zooplankton and anuran 
larvae in freshwater communities, van Buskirk (1988) m a n i p u l a t e d ^ . 7 a n d T. 
Carolina in an experimental pond community to show that they have strong effects on 
their shared prey, depressing abundances and altering species composition, but that 
the effects were independent, and their combined effect of A. Junius and T. Carolina 
on the prey community could be accurately predicted from the individual predator-
prey interactions. However, it has been suggested that independent natural enemy 
effects are unusual and multiple natural enemies are likely to have impacts on prey 
that are dependent on the presence of other species of natural enemies (Sih et al. 
1998, although see Aukema et al. 2004). 
There is experimental evidence that natural enemies can interact to produce an overall 
increase or reduction in prey consumption relative to what is expected if the natural 
enemy effects were independent. Interactions between natural enemies may result in 
an overall reduction in consumption of prey if there is interference between natural 
enemies, or if natural enemy presence produces an anti-predator response that is 
effective against all natural enemies, thus minimising the overall risk of attack. 
Multiple natural enemies may also interact to increase the overall rate of prey 
consumption if prey exliibit conflicting defences, where defending against one type of 
natural enemy puts you at an increased risk of attack by another natural enemy 
species, although evidence for an overall increase in prey consumption from such an 
effect has been questioned (Sih et al 1998). Multiple natural enemy effects that both 
increase and decrease overall prey consumption have been demonstrated between a 
species of fish, the mottled sculpin {Cottus bairdi), and stoneflies {Agnetina capitata) 
(Soluk and Collins 1988), suggesting that the effects on community structure of 
interactions between predator species are not straightforward. Soluk and Collins used 
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experimental mesocosms to show that C. bairdi reduces the consumption of the 
mayfly Baetis tricaudatus by A. capitata because A. capitata appears to avoid patches 
where C. bairdi is present. In contrast, A. capitata was found to have a positive effect 
on the consumption rate of the mayfly Ephemerella subvaria by C. bairdi because of 
conflicting anti-predator responses. A. capitata is found under stones on stream beds, 
and E. subvaria can avoid them by moving onto the upper surfaces of stones, however 
this makes E. subvaria more vulnerable to attack by C. bairdi, which is unable to 
reach them under stones (Soluk and Collins 1988). Subadditive effects, where natural 
enemy interactions reduce prey consumption, have also been identified in several 
marine systems where natural enemy interference led to decreased prey consumption 
(Martin et al. 1989, Crowder et al 1997). Whereas synergistic natural enemy effects 
on prey consumption have been identified in terrestrial arthropod systems (Losey and 
Dermo 1998). 
Density-mediated interactions between natural enemy species may also have a range 
of effects on the natural enemies and the prey. Two natural enemies may be subject to 
a trophic interaction via exploitation competition for the shared prey. The effects of 
exploitation competition are well understood; in the absence of stabilising 
mechanisms the superior competitor will depress resource abundance (in this case 
prey) to a level that the inferior competitor is unable to persist on, excluding the 
inferior competitor from the community (Tilman 1977, 1980). When natural enemies 
share a prey species and one of the natural enemies also eats the other the outcome of 
trophic interactions between natural enemy species may be more complicated (Polis 
and Holt 1989). 
Holt and Polis (1997) modelled a set of trophic interactions between three species 
called "intraguild predation", where two predators share a prey and the top predator 
consumes the intermediate predator. The model suggested a variety of outcomes are 
possible; if the intermediate predator is superior at consuming prey the top predator 
may be excluded; alternatively, if the intermediate competitor is not sufficiently 
strong at resource competition, consumption by the top predator may exclude it. 
The density effects of intraguild predation may combine with trait-mediated multiple 
natural enemy effects to determine community structure. The green sunfish (Lepomis 
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cyanelld) feeds on salamander larvae {Ambystoma barbouri), and isopods {Lirceus 
fontinalis), while A. barbouri feeds on L.fontinalis. In laboratory mesocosms L. 
cyanella had a direct negative effect on^L barbouri densities, and because A. 
barbouri modified its behaviour to avoid attack by L cyanella, it became less 
efficient at catching L. fontinalis, so there was a multiple predator effect that resulted 
in reduced overall consumption of L. fontinalis. Both trait- and density-mediated 
indirect effects contributed to community structure, but overall trait-mediated effects 
between predators appeared to have a more important role (Huang and Sih 1991). 
Similar effects shave been documented in a freshwater community where larvae of the 
migratory dragonfly Tramea lacerata and the resident dragonfly Erythemis 
simplicicoUis both consume the larvae of species of damselfly (Wissinger and 
McGrady 1993), in a terrestrial insect community where the parasitoid Lysiphlebus 
fabarum competes with species of coccinellids for Aphis fabae (Raymond et al. 
2000), between invasive and native predatory coccinellids in a laboratory microcosm 
(Snyder et al. 2004) and in experimental protist communities (Morin 1999). 
There are relatively few studies of multiple parasitoid species attacking the same host 
species, although parasitoids that share a host are a common feature of host-parasitoid 
communities (Memmott et al 1994, Miiller et al 1999, Rott and Godfray 2000, Lewis 
et al. 2002). Experiments have found that multiple parasitoids may interact to increase 
overall parasitism of a shared host (Heinz and Nelson 1996), or decrease parasitism 
(Force 1974), whereas theoretical studies investigating the effects of multiple 
parasitoids have produced results including exclusion of the weaker competitor and 
coexistence (e.g. May and Hassell 1981, Kakehashi et al 1984, Godfray and Waage 
1991, Murdoch et al. 1996, Wilson et al 1996). Parasitoids that share hosts may 
interact via resource competition, interference effects, and facultative 
hyperparasitism, a process analogous to intraguild predation of predator-prey 
interactions, where two species parasitize the same individual and one parasitoid 
consumes the host and the other parasitoid. Bogran et al. (2002) conducted a field 
study looking at interspecific competition and population dynamics of the parasitoids 
Encarsia formosa, Encarsia pergandiella and Eretmocerus mundus that attack 
whitefly {Bemisia argentifoUi) on cotton plants. Manipulative experiments suggested 
that the population growth rate ofE. mundus was enhanced by the presence of £'. 
Formosa and E. pergandiella, whereas E. mundus negatively affected the population 
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growth rate o f& pergandiella, indicating that parasitoid species do interact with 
competitors and that these interactions may have a positive effect on host populations. 
Of the 25 aphid species present at our field site in Silwood Park, ten are attacked by 
more than one species of primary parasitoid. Prompted by this observation, I adapted 
an experimental system that has been used to investigate the effects of parasitoids on 
species of aphids that compete for resources (van Veen et al. 2005), setting up an 
experiment to explore how two species of parasitoid determine the structure of a small 
four species aphid-parasitoid community. The majority of experiments that have 
investigated multiple natural enemy effects have been short term, typically involving 
a single natural enemy generation. By running the experiment for multiple generations 
I was able to explore the long-term effects of multiple natural enemies on community 
structure and population dynamics, which would be influenced by both trait- and 
density-mediated mul tiple natural enemy effects, if present, van Veen et al. (2005) 
demonstrated that a three-species community, composed of the aphids Acyrthosiphon 
pisum and Megoura viciae competing for a shared resource and the parasitoid 
Aphidius ervi parasitizing A. pisum, is stabilised by a combination of trait- and density 
mediated indirect effects (see chapter two for more details). Using a similar system, 
with A. pisum and M.viciae competing for a shared resource and the parasitoid Praon 
dorsale attacking both species, I have shown that interspecific resource competition 
was the dominant community structuring process and that P. dorsale struggles to 
establish in communities containing A. pisum. This is probably because strong host 
intraspecific competition makes it difficult for P. dorsale to achieve a positive 
population growth rate. There was also a suggestion that P. dorsale may be capable of 
mediating indirect interactions between the two aphid species if competition were to 
be relaxed (chapter two). 
Here I combine the two systems described above to investigate the effect of a 
generalist parasitoid on a stable two aphid, one parasitoid community. I assembled 
replicated population cage communities using the aphids A. pisum and M. viciae and 
the parasitoids Aphidius eadyi and Praon dorsale, all of which are found at our field 
site and may co-occur on the same plant. A. eadyi is a specialist parasitoid of 
pisum, whereas P. dorsale can parasitize both A. pisum and M. viciae. I investigated 
the effect of P. dorsale on community structure, with a particular focus on how it 
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affected the interaction between A. pisum and A. eadyi, by assembling communities in 
which P. dorsale was present and communities in which P. dorsale was absent. I then 
compared the population dynamics of A. pisum, M. viciae and A. eadyi from the two 
communities. Because non-lethal effects of natural enemies such as alteration of the 
stage structure or average reproductive rates of prey can influence prey population 
dynamics (Eraser and Gilliam 1992), the population dynamics data for each species of 
aphid were subdivided into life stages, so I could test whether the inclusion of P. 
dorsale changed the stage structure of the aphid populations and whether this could be 
linked to an effect on aphid population dynamics. 
Combining the systems used in van Veen et al (2005) and chapter two, this 
experiment included; the potential for positive interactions between parasitoids \ fA. 
eadyi reduced intraspecific competition in^. pisum populations allowing P. dorsale 
to establish; competition between parasitoids for A. pisum-, negative interference 
actions between A. eadyi and P. dorsale, and an overall effect of parasitoid diversity 
on host abundance. 
I found that the inclusion of P. dorsale in the community had a negative effect on the 
population growth rate and abundance of A. pisum, the abundance of M. viciae and 
overall aphid abundance. The presence of eadyi appeared to facilitate the 
establishment of P. dorsale in communities with A. pisum, in contrast to the findings 
of a previous experiment where P. dorsale struggled to establish (chapter two), 
although P. dorsale had no effect on the population dynamics or abundance of A. 
eadyi, so there was no evidence for a multiple natural enemy effect of P. dorsale on 
A. eadyi. 
3.3 MATERIALS AND METHODS 
Study organisms 
Megoura viciae (Buckton) and Acyrthosiphon pisum (Harris) are common species of 
aphid that occur at our field site in Silwood Park. Both species feed on Lathyrus spp. 
and Vicia spp. and may be found coexisting on the same plant. At our field site, A. 
pisum is attacked by a number of species of primary parasitoid (Miiller et al. 1999), 
and is commonly attacked by generalist aphid pathogens and predators (van Veen 
personal communication). In contrast, M viciae is attacked by few species of 
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parasitoid, and rarely suffers from attack by generalist pathogens and predators, and 
may be poisonous to some aphid predators (Dixon 1958). Both species were single 
clones collected from Lathyrus uliginosus at our field site. Prior to the start of the 
experiment A. pisum and M. viciae were maintained as large populations in population 
cages. They were supplied with Vicia faba seedlings, which were replaced regularly, 
and were kept in a controlled environment room at 20°C, 75% relative humidity, 16:8 
light: dark cycle to prevent the production of a sexual generation. For more details on 
A. pisum and M. viciae see chapter two, materials and methods. 
Aphidius eadyi (Stary, Gonzalez and Hall) and Praon dorsale (Haliday) are primary 
parasitoids of aphids, belonging to Aphidiinae (Ichneumonoidea, Braconidae). A. 
eadyi only attacks A. pisum, where it is responsible for a significant proportion of A. 
pisum parasitism. In contrast, P. dorsale has a broad host range. It is the only species 
to parasitize M. viciae at our field site, and it also attacks A. pisum, although it is only 
responsible for a small fraction of parasitism. A. eadyi and P. dorsale have similar 
life-cycles; following oviposition in an early instar aphid the juvenile parasitoid 
undergoes a period of arrested development during which its host continues to feed 
and grow, before being consumed and killed. Once the host is killed, the juvenile 
parasitoid pupates inside the aphid husk, spinning a cocoon and anchoring itself to the 
substratum. At 20°C, adult male eadyi emerge 12 days after oviposition and adult 
females after 14 days, whereas adult P. dorsale emerge approximately 16 days after 
overposition in^. pisum and 18 days after oviposition in M. viciae. A. eadyi was 
collected from our field site by harvesting mummified A. pisum from L. uliginosus 
and rearing out the contents of the mummies. P. dorsale was collected by harvesting 
mummies of the large nettle aphid Microlophium carnosum, and waiting for the adult 
parasitoids to emerge. Duplicated populations of both parasitoids were kept in 
population cages in a controlled environment room (conditions as before) prior to the 
start of the experiment. Parasitoid populations were maintained by providing a 
continuous, abundant supply of aphids to parasitize. P. dorsale was provided with M. 
viciae and A. eadyi was provided with A. pisum, both reared on V. faba. 
Chapter 3 Multiple parasitoids 
Experimental design 
population dynamic data were collected from replicates of two simple aphid-
parasitoid communities (figure 3.1). Each community was rephcated ten times. Each 
replicate consisted of a 30 x 30 x 30cm transparent population cage containing eight 
pots each one sown with four seeds of broad bean Vicia faba (The Sutton) that were 
grown in a greenhouse for two weeks. The pots were divided into four pairs, and were 
subject to a continuous renewal regime. Twice a week for the duration of the 
experiment the two oldest pots were replaced with two pots of freshly grown beans; 
any aphids and aphid mummies were removed from the old plants and returned to the 
cage. Once the pot renewal regime was established, ten adult apterae (five of each 
species of aphid) were introduced to each cage, followed by another ten apterae one 
week later to ensure overlapping generations. After five weeks, when the aphid 
populations had established and were competing for resources, two young, mated 
female A. eadyi were added to each cage. At the same time, two young, mated female 
P. dorsale were introduced to the generalist parasitoid treatment cages. Parasitoid 
introduction was repeated one week later to ensure overlapping parasitoid 
generations. The cages were kept at 20°C, 75% relative humidity with a 16:8 
light:dark cycle. 
Once a week the number of aphids and aphid mummies were counted on one pot from 
each pair of pots in each cage. Each aphid population was subdivided into nymphs, 
apterae and alates. Adult parasitoids were counted and identified for each whole cage. 
Data were collected for 21 weeks following the first aphid introduction. 
Analysis 
Communities were scored for loss of species after 21 weeks (16 weeks after 
parasitoids were added). Fisher's exact test was used to test whether the presence of 
P.dorsale had an effect on the likelihood of A.pisum, M.viciae and A.eadyi 
populations going extinct. Fisher's exact test was used because it allows the analysis 
of contingency tables when at least one of the expected frequencies is less than five 
(Crawley 2002). 
Final counts of the species were taken after 21 weeks (16 weeks after parasitoid 
addition). GLMs specifying poisson errors, or where checks indicated overdispersion, 
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quasipoisson errors, were used to test for the effect of community composition on 
final population sizes. P. dorsale presence was modelled as a factor, and model 
simplification was used to test the significance of the P. dorsale term. 
Species were also counted once a week prior to the final count giving population 
dynamic data and time series of the division of each aphid population into adult 
alates, apterae and nymphs. Linear mixed effects models were used to compare the 
population dynamics ofv4. pisum, M. viciae and^. eadyi, the total number of aphids, 
and the proportion of adults and alates in the two communities (Pinheiro and Bates 
2000, Crawley 2002). Population dynamic data were square root transformed and 
proportion data arcsine transformed to normalise errors and ensure constancy of 
variance. Linear mixed effects models were fitted to the population dynamic and 
proportion data of each species using a maximum hkelihood method, so models with 
different fixed effects structures could be compared. Time and community 
composition were modelled as fixed effects and deletion was used to test the 
significance of the time:composition interaction and composition effect. For more 
information on mixed effects models see chapter one. 
The numbers of pisum, M. viciae and A. eadyi were summed for the weeks 
following parasitoid addition. These values were treated as derived variables 
representing the population dynamics of each species, and were analysed using 
GLMs. Checks indicated that the data were overdispersed so a quasipoisson error 
structure was specified. Comparisons were made between the cumulative numbers of 
each species in the two communities. Community composition was modelled as a 
factor and the significance of the community composition effect was tested by 
deletion. All analyses were conducted with the software R (version 2.0), using the 
NLME package for mixed effects modelling. 
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Figure 3. 1 The two communities (treatments) included in the experiment. Acyrthosiphon 
pisum and Megoura viciae competing for Viciae faba, with Aphidius eadyi parasitizing A. 
pisum (a). A. pisum and M.viciae competing for V.faba, A. eadyi parasitizing A. pisum and P. 
dorsale parasitizing A. pisum and M. viciae (b). 
3.4 RESULTS 
Aphid competition and specialist parasitoid 
The first experimental system studied the effect of the parasitoid A. eadyi on 
competition between M. viciae and A. pisum (figure 3.2a). Prior to parasitoid 
introduction the numbers of both aphid species increased from small initial 
populations. Following parasitoid introduction numbers of A. pisum declined from a 
peak mean (± SE) of 1460 ±309 aphids per cage before stabilising at around 764 ± 99 
aphids per cage for the remaining period of the experiment. In contrast, M. viciae 
numbers underwent an initial increase following parasitoid addition before stabilising 
at around 1167 ± 109 aphids per cage. A. eadyi numbers initially increased to 164 ± 
51 parasitoids per cage seven weeks after addition before steadily declining, 
eventually levelling out at numbers of 19 ± 7, 30 ± 19, and 19 ± 7 parasitoids per cage 
for the final three weeks of the experiment. 
Aphid competition, specialist and generalist parasitoids 
The second system studied the effects of the specialist parasitoid eadyi and the 
generalist parasitoid P. dorsale on competition between M viciae and A. pisum, and 
the interaction between the two parasitoids (figure 3.2b). As in the previous system, 
both aphid species increased from small founder populations. Following the 
introduction of parasitoids, A. pisum numbers decreased steadily from a peak of 2099 
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±215 aphids per cage, followed by a decline before stabilising at 143± 39 aphids per 
cage for the final seven weeks of the experiment. M. viciae numbers, having 
undergone a decline due to competition with J . pisum, increased steadily following 
parasitoid introduction to 1078 ±115 aphids per cage for the last seven weeks of the 
experiment. Once introduced the numbers of both J . eadyi and P. dorsale increased 
initially. A. eadyi reached a peak of 203 ± 59 parasitoids per cage seven weeks after 
introduction before declining steadily to 7 ± 1.5 parasitoids per cage in the final week 
of the experiment. P. dorsale increased to a peak of 29 ± 9 parasitoids per cage six 
weeks after introduction before stabilising at approximately 16 ± 1.7 parasitoids per 
cage for the remaining nine weeks. 
Extinction 
The presence of P. dorsale had no effect on the likelihood that^. pisum (Fisher's 
exact test N.S.), M. viciae (Fisher's exact test N.S.), or eadyi (Fisher's exact test 
N.S.) would go extinct for the 16-week duration of the experiment post-parasitoid 
introduction (Table 3.1). 
Final population size 
Sixteen weeks after parasitoids were added to each community, numbers were 
recorded for each species in each community. The inclusion of P. dorsale 
significantly reduced the final numbers of M viciae (Ftjg = 3.96, p = 0.046), A. pisum 
(Fi,i8= 1325, j9<0.001) andv4. eat/;;/(Fi,is = 259,/><0.001) (Table 3.2). 
Population dynamics 
The rate of decline of A.pisum numbers was significantly faster when P. dorsale was 
present in the community (time:parasitoid effect, likelihood ratio test = 139,p = 
0.006), although the cumulative numbers of yl. pisum after parasitoid addition fail to 
confirm this (Fijg = 5 x N.S). The inclusion of P.dorsale in the community did 
not affect the population growth rate of M.viciae (time:parasitoid effect, likelihood 
ratio test = 0.038, N.S.) or the average numbers of M viciae (parasitoid effect, 
likelihood ratio test = 2.27, N.S.), although cumulative numbers of M viciae 
following parasitoid addition were significantly reduced by the inclusion of P. dorsale 
(Fijg = 5.6, p = 0.03). The presence of P. dorsale had no effect on the population 
growth rate ofv4. eadyi (week:parasitoid effect, likelihood ratio test = 0.8), the 
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average numbers of eadyi (parasitoid effect, likelihood ratio test = 0.8, N.S.), or 
the cumulative numbers of A. eadyi following parasitoid addition (Fijg = 0.53, N.S.). 
Population structure 
In the presence of P. dorsale the rate at which the proportion of A. pisum nymphs to 
adults changed over time was significantly reduced, such that fewer nymphs had 
reached adulthood at a given point in time (time:parasitoid interaction effect, 
likelihood ratio test = 4.96,^ = 0.02). P.dorsale did not have an effect on the rate 
which the population structure of M. viciae changed over time (time:parasitoid 
interaction effect, likelihood ratio test = 1.61, N.S) or on the division of M. viciae into 
adults and nymphs (parasitoid effect, likelihood ratio test = 0.8, N.S.). 
Alate production 
The inclusion of P. dorsale in the community caused a marginally greater proportion 
of M. viciae adults to be the winged morph (parasitoid effect, likelihood ratio test = 
4.11,/? = 0.04), but had no affect on the proportion of adult A. pisum that were of the 
winged morph (parasitoid effect, likelihood ratio test = 2.18, N.S.). 
Total aphid numbers 
P. dorsale had no effect on either the growth rate of the total aphid population 
(time:parasitoid interaction effect, likelihood ratio test = 3.3, N.S.), or the average 
numbers of aphids in the community (parasitoid effect, likelihood ratio test =1.5, 
N.S.), but the cumulative number of aphids was lower in cages that included P. 
dorsale (Fi,i8= 1.1, p = 0.01). 
A8 
Chapter 3 Multiple parasitoids 
3000 
£ 1500 150 M 
Megoura viciae 
• - • Acyrthosiphon pisum 
- - Aphidius eadyi 
1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Time (weeks) 
a) 
3000 
f 1500 
300 
Megoura viciae 
- • acyrthosiphon pisum 
• • Aphidius eadyi 
Praon dorsale 
1 2 3 4 5 6 7 I 10 11 12 13 14 15 16 17 18 19 20 21 
Time (weeks) 
b) 
Figure 3. 2 Time series plots of each community, averaged over all replicates, for 21 weeks. 
The error bars are ± SE. (a) Acyrthosiphon pisum, Megoura viciae and Aphidius eadyi. (b) A. 
pisum, M. viciae, A. eadyi and Praon dorsale. 
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Table 3. 1 Number of populations extinct 16 weeks after Aphidius eadyi and Praon dorsale 
were added to mixed communities of Acyrthosiphon pisum and Megoura viciae. There were 
20 replicates in total. P. dorsale was added to half as a treatment. 
Extinct 
With P. dor sale Without P. dor sale 
A.pisum 5 2 
M. viciae 1 2 
A. eadyi 7 5 
Table 3. 2 Mean population sizes 21 weeks after the introduction of aphids (16 weeks after 
parasitoids were added) for each treatment. 
Treatment Mean (± SE) 
Megoura viciae - P.dorsale 1516 ±318 
+P.dorsale 1292 ±304 
Acyrthosiphon pisum -P. dor sale 724 ±261 
+P.dor sale 250±149 
Aphidius eadyi -P.dor sale 1 9 ± 7 
+P. dors ale 7 ± 1.5 
3.5 DISCUSSION 
I have described a replicated population cage experiment designed to explore the 
long-term effect of a second parasitoid species on a focal parasitoid species, host 
population dynamics and community structure. 
I adapted the experimental systems used by van Veen et al. and in chapter two to 
explore the effects of two parasitoid species on a pair of aphid species competing for a 
shared resource. I assembled replicates of two simple aphid-parasitoid communities. 
The first community was composed of the aphids Acyrthosiphon pisum and Megoura 
viciae competing for Vicia faha, and the parasitoid Aphidius eadyi attacking A. pisum. 
The second community included all components of the first and also the parasitoid 
Praon dorsale, which attacks A. pisum and M. viciae. I explored the effect of 
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including P. dorsale on^L pisum, M. viciae and^. eadyi by comparing population 
dynamic data for each species from the two communities. 
Previous experiments have demonstrated thatv4. pisum competitively excludes M. 
viciae from population cage communities, that a specialist parasitoid such as A. eadyi 
can allow the coexistence of both aphids and the parasitoid (van Veen et al. 2005), 
and that P. dorsale struggles to establish in simple communities in which 4^. pisum is 
abundant (chapter two). Adding P. dorsale to the stable A. pisum-M. viciae-A. eadyi 
community did not alter the extinction risk of any of the species. Both species of 
aphid were allowed to establish and start competing for resources before the 
parasitoids were introduced. Following parasitoid introduction A. pisum numbers 
declined, but the rate of decline was faster and the final population size lower in the 
communities that included both species of parasitoid. Stage structured data suggested 
that a smaller proportion of the A. pisum population were reproductively active adults 
when P. dorsale was included in the community, which may have contributed to the 
reduced population growth rate. In contrast, M. viciae was relatively unaffected by P. 
dorsale inclusion; there was no effect on average numbers, population growth rate or 
population structure, although cumulative and final numbers were significantly 
reduced. Marginally more adult M. viciae were of the winged morph when P. dorsale 
was present but there was no evidence that this had any effect on the population 
dynamics of M. viciae. Previous experiments have indicated that competition withvd. 
pisum is the most important process to affect M. viciae population dynamics (van 
Veen et al. 2005, chapter two), and A. eadyi suppressed^, pisum numbers in both 
communities, relaxing competition, which explains why M. viciae was numerically 
dominant. 
The data suggest that P. dorsale did not reach sufficient numbers to have an effect on 
the abundant M. viciae population. However, A. pisum numbers were substantially 
lower, so P. dorsale numbers appear to have been large enough relative to A. pisum 
numbers that P. dorsale was able to have a negative effect on the A. pisum population. 
Previous experiments suggest that A. pisum is a better host than M. viciae for P. 
dorsale (chapter two), which could have had a preference for A. pisum, so A. pisum 
may have suffered more attacks per P. dorsale than M. viciae, which may also explain 
why P. dorsale had a negative effect on the population dynamics of A. pisum but not 
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M. viciae. Inclusion o f f . dorsale did not affect the population dynamics of A. eadyi 
but did have a significant negative effect on final numbers. This effect is due to A. 
eadyi undergoing a period of population growth during the last few weeks of the 
experiment in the cages that did not include P. dorsale as a result of an increase in A. 
pisum numbers, but is not an accurate reflection of the differences between the 
population dynamics of ^ 4. eadyi in the two treatments over the experiment as a whole. 
There was no conclusive evidence for an emergent multiple natural enemy effect of P. 
dorsale on the interaction between yl. eadyi and^. pisum, and the population 
dynamics of A. eadyi in the presence of P. dorsale can be accurately predicted from 
information about the A. pisum-A. eadyi-M. viciae interaction in isolation. Because 
final A. pisum and A. eadyi numbers were significantly higher in the treatment where 
P. dorsale was absent, one can speculate that the population dynamics o f^ . pisum 
and A. eadyi in the two communities may have been starting to head on divergent 
trajectories and an emergent multiple natural enemy effect may have manifested itself 
if the experiment had been run for longer. 
It was beyond the scope of this experiment to test whether A. eadyi had any effect on 
P. dorsale (to do this would have required a treatment that included both aphid 
species, P. dorsale but not A. eadyi), although past experiments with a similar system 
have shown that P. dorsale struggles to establish on abundant populations of 4^. 
pisum. This was not the case in this experiment and A. eadyi may have a had a 
positive density-mediated indirect effect on P. dorsale, lowering the numbers of A. 
pisum and reducing fluctuations that are driven by intraspeciflc competition, which I 
have previously speculated may prevent P. dorsale establishing on A. pisum (chapter 
two). 
Some recent research has focussed on the effects of natural enemy diversity on the 
abundance and diversity of prey. Ives et al. (2005) have shown theoretically that 
increasing the diversity of the natural enemy trophic level reduces the abundance of 
organisms at the prey trophic level, because differences in the prey preferences of 
different predators mean a greater range of prey are consumed and overall abundance 
is thus reduced. The inclusion of P. dorsale increased natural enemy diversity and 
also increased the range of hosts that were parasitized. I found that the inclusion of P. 
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dorsale did reduce the combined cumulative number of aphids, in line with the 
theoretical predictions of Ives et al, although the data suggest that this was largely 
because P. dorsale had a negative effect on^L pisum numbers, rather than having a 
complementary effect to A. eadyi by suppressing M. viciae numbers. 
There are a number of criticisms that can be levelled at the results presented above. I 
will now discuss some of these criticisms related to the biology and experimental set 
up of the system. 
A significant part of community ecology involves searching for unifying principles 
that link diverse systems. Although the results described above revealed some 
interesting processes and hinted at several others that may be operating to structure 
the community, we must be very cautious about making any general inferences 
regarding the structure of host-parasitoid communities from these results. The results 
may be specific to simple host-parasitoid communities, this community structure or 
even the particular species used in this experiment. Further experiments with different 
species, on a larger scale and based around manipulations of natural communities are 
required before we can start making generalisations. 
The relatively short time over which the experiment was run means that subtle 
differences between the two treatments may not have had time to manifest 
themselves; conclusions drawn at 21 weeks may differ from conclusions one would 
draw after 50 weeks. However, natural aphid-parasitoid communities are found in 
temperate regions, where they typically persist for up to 25 weeks before aphid 
populations decline with the onset of autumn (Miiller et al. 1999), which suggests that 
I ran the experiment over a suitable time scale for investigating the processes that are 
likely to be important in structuring temperate aphid-parasitoid communities. 
Species were added to the experimental communities in a set order over a relatively 
short time frame. The order in which species are introduced to a community and 
transient dynamics following species introduction can influence the population 
dynamics of the constituent species (see chapter two for more details). It is possible 
that these processes influenced the population dynamics of the species included in this 
experiment. For this reason we should be careful when making inferences about the 
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processes operating in established host-parasitoid communities based on the results 
presented here. 
The communities used in this experiment were small and homogeneous, so they could 
be replicated, and to allow one to explore the roles of direct and indirect effects in the 
absence of complications such as spatial heterogeneity. However stochastic processes 
become increasingly important in small populations (Renshaw 1991). Although I 
attempted to ensure conditions were as constant as possible for the duration of the 
experiment, there was the potential for environmental variability to enter the system at 
several points, from the variation in the quality of beans, to variation in conditions 
within the controlled-environment rooms. Because the populations of both species of 
parasitoid were generally of the order of 10 to 20 individuals per cage, it is likely that 
environmental stochasticity could have had a significant effect on their population 
dynamics. Similarly demographic stochasticity, for example variation in the number 
of females produced in a generation, becomes increasingly important in small 
populations (Bonsall and Hastings 2004), and may also have affected parasitoid 
population dynamics. Spatial structure has been shown to amplify negative multiple 
natural enemy effects in laboratory mesocosm communities (Warfe and Barmuta 
2004). The relative absence of spatial structure, particularly when compared to natural 
aphid-parasitoid communities, may have influenced the results presented here, 
potentially masking a multiple natural enemy effect that may emerge in more spatially 
complex communities. 
For logistic reasons, I only included two different community structures, whereas 
ideally I would have also included individual host-parasitoid interactions; the two 
species of parasitoid competing for A. pisum without M. viciae; the aphids competing 
resources with P. dorsale but not A. eadyi\ competition between the aphid species and 
each aphid species in isolation. Including these structures would have allowed me to 
get a much fuller picture of the processes operating in the community, including the 
effect o f ^ . eadyi on P. dorsale, the combined effects of P. dorsale and M viciae on 
the A. eadyi-A. pisum interaction, and the combined effects of interspecific 
competition and multiple parasitoids on overall aphid abundance. 
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Given, these criticisms, how appHcable are the results presented above to natural 
communities? Multiple parasitoids attacking a single prey species are a common 
feature of host-parasitoid communities (for example Memmott et al. 1994, Lewis et 
al. 2002), and are a feature of the aphid-parasitoid community at our field site (Miiller 
et al. 1999). A. pisum and M. viciae do co-occur on the same plant at our field site and 
are attacked by P. dorsale and A. eadyi. However, densities of the two aphid species 
rarely reach the levels that occur in our population cages due to lower quality plants in 
the field and a diverse natural enemy community that includes predators, parasitoids 
and pathogens acting on them. Also densities of primary parasitoids at our field site 
are rarely high enough to suppress aphid numbers because their numbers are 
efficiently limited by secondary parasitoids. 
There are mechanisms that may cause local increases in parasitoid densities. 
Parasitoids respond to aphid-induced plant volatiles over long distances, which may 
result in local aggregation of parasitoids. Aphidius ervi, a sister species of eadyi, 
uses chemical cues released by plants that are damaged by aphids to locate hosts 
(Powell et al. 1998). If similar cues are exploited by other species of primary 
parasitoid, several species may aggregate where aphid densities are high. Under such 
circumstances interactions between parasitoid species may be sufficient that emergent 
multiple parasitoid effects become important. However, my results fail to support the 
existence of such an effect in a simple aphid-parasitoid system, suggesting that we can 
accurately predict the effects of a diverse parasitoid community on its hosts from 
studies of single species of parasitoids. This could be particularly significant when 
attempting to model complex food webs, because it may be possible to simplify a 
diverse parasitoid community into a single trophic entity acting on the host 
community (Schmitz and Sokol-Hessner 2002). 
Losses of species from communities may have unexpected consequences for the 
structure of the remaining community (Koh et al. 2004). In contrast to the findings of 
van Veen et al. (2005), who showed that the absence of an aphid species from a 
simple aphid-parasitoid community could lead to destabilization of the whole system, 
I have shown that this is not a universal phenomenon, and not including a species in a 
community, in this case a species of parasitoid, does not necessarily have an 
Chapter 3 Multiple parasitoids 
unpredictable qualitative affect on community structure or the population dynamics of 
the remaining species. 
In conclusion, I have described an experiment that explored the effect of adding a 
second species of parasitoid to stable three-species aphid-parasitoid community. The 
stability of the community was not affected, and the population dynamics of the focal 
species of parasitoid was not altered by the addition of a second species of parasitoid, 
so there was no evidence for a multiple parasitoid effect. However, there was some 
evidence that increasing parasitoid diversity had a negative effect on host numbers. 
The findings presented here may be specific to the particular combination of species 
used, so we need to explore the structure of simple aphid-parasitoid communities 
using other species of aphids and parasitoids before we can start making general 
inferences about emergent multiple parasitoid effects and the effects of parasitoid 
diversity on the structure of aphid-parasitoid communities. Although this experiment 
provides an insight into interactions between aphid parasitoids in a laboratory system, 
manipulative field experiments are required to test hypotheses regarding interactions 
between parasitoids to further understand the structure of natural aphid-parasitoid 
communities. 
7A 
Chapter 4 Hyperparasito ids 
CHAPTER 4 
The effect of community composition on cascading extinctions in 
experimental aphid-parasitoid communities. 
4.1 ABSTRACT 
1. In natural communities hyperparasitoids are thought to decouple aphid and 
primary parasitoid populations by suppressing primary parasitoid numbers. 
2. Interactions with other species in the community may alter the outcome of such 
effects. Effects transmitted over multiple trophic levels are thought to be limited 
in more complex communities. 
3. I describe an experiment that studied an aphid-parasitoid-hyperparasitoid food 
chain, and the effect of adding a second species of aphid that is not parasitized on 
population dynamics and community structure. 
4. Replicated communities were assembled in population cages using the aphid 
species Acyrthosiphon pisum and Megoura viciae competing for the resource 
Vicia faba. The p a r a s i t o i d e a d y i parasitized^, pisum, and the 
hyperparasitoid A. victrix parasitized A. eadyi. 
5. Comparisons of population dynamics and the persistence of species in 
communities composed of different combinations of the above species suggested 
that A. victrix did cause a top-down trophic cascade affecting the abundance and 
persistence of 4^. pisum dxviA. eadyi, but that this effect was dependent on the 
presence of M. viciae in the community. 
6. A network of trait- and density-mediated indirect effects is hypothesized to 
influence the occurrence of the trophic cascade effect and to determine the 
structure of the community. 
7. I discuss the relevance of the above finding to more complex natural aphid-
parasitoid communities, and how increased complexity may influence the results 
of this experiment. 
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4.2 INTRODUCTION 
Trophic relationships in complex ecological communities have long been simplified into 
linear chains of species that feed at discrete trophic levels and are linked together by food 
relationships (Elton 1927). The relevance of the concept of trophic levels to 
understanding the structure and function of ecological communities has been the subject 
of much debate for ecologists (e.g. Strong 1992, Polis and Strong 1996, Halaj and Wise 
2001), and chains of species feeding at discrete trophic levels have been identified as 
pathways along which indirect effects can be propagated (Wootton 1994). 
Since Hairston et al. (1960) put forward their "world is green" hypothesis, which stated 
that plants are abundant because they are not significantly depleted by herbivores and that 
this can be explained by the suppression of herbivore numbers by natural enemies, 
ecologists have debated whether the suppression of herbivores by predators or the 
availability of resources has more influence on the structure of ecological communities. 
Effects can cascade down food chains from top predators to producers (Paine 1980). A 
typical "trophic cascade" involves a species of plant, herbivore and natural enemy. In the 
absence of predation herbivore numbers are limited by the availability of food, and plant 
biomass is suppressed by intense herbivory. If a natural enemy is added to the system, its 
numbers are limited by the availability of herbivore prey, and herbivore numbers are 
reduced so they consume less plant biomass. The effect of the natural enemy cascades 
down to the plants, which are no longer subject to intense herbivory and plant biomass 
increases up towards a limit imposed by resources. Trophic cascades can be transmitted 
over more than three trophic levels, although this will alter the pattern of levels that are 
resource and natural-enemy limited. 
Paine (1980) emphasised the importance of cascading effects being transmitted down 
food webs from top predators to producers. Some have questioned the relevance of 
viewing communities as collections of species feeding at discrete trophic levels, where 
energy flows from the bottom to the top trophic level along a chain of species, and 
species interact strongly to propagate trophic cascade effects. This may be particularly 
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relevant to diverse communities where energy flows through the community via many 
different pathways, and the concept of trophic levels is made redundant by extensive 
omnivory (Leibold 1989, Strong 1992, Flecker and Townsend 1994, Polis and Strong 
1996, Finke and Denno 2004). However, experimental studies that manipulated predators 
have demonstrated that trophic cascades do occur (Power 1990, Turner and Mittelbach 
1990, Huang and Sih 1991, Strong et al. 1999), and that these effects are present in 
diverse communities (Schmitz 1994, Schmitz et al. 1997, Beckerman et al. 1997, Moran 
and Hurd 1998, Dyer and Letoumeau 1999, Schmitz et al. 2000, Halaj and Wise 2001, 
Shurin et al. 2002). 
Given that trophic cascades do occur in ecological communities, in which systems are 
they most common, and what are the mechanisms responsible for trophic cascades? 
There are some classic examples of trophic cascades in a range of systems. Power (1990) 
provided evidence of a trophic cascade in an algal-based freshwater community. She 
manipulated steelhead trout (Salmo gairdneri) and roach {Hesperoleucas symmetricus), 
either including or excluding them from river enclosures. When the trout and roach were 
included, they suppressed numbers of predatory insects (mainly lestid damselflies) and 
young fish (including roach and stickleback fry) that feed on herbivorous chironomid 
midge larvae (predominantly Pseudochironomus richardsoni). Released from predation, 
the numbers of chironomids increased until they became limited by food availability. 
Algal biomass was thus suppressed by chironomid grazing. In contrast, when the trout 
and roach were excluded, the numbers of predatory insects and young fish were higher, 
reducing the numbers of chironomid larvae. The effect of excluding the top predators 
cascaded down the food chain; as a result of the relaxation in herbivory, algal biomass 
increased until it was limited by nitrogen availability. Micheli (1997) demonstrated a 
trophic cascade over three trophic levels in a simple marine community. The blue crab 
{Callinectes sapinus) feeds on hard clams {Mercenaria mercenaria). When sea birds 
were allowed to attack the crabs, crab density was reduced and clams suffered a lower 
level of predator-induced mortality. Interestingly the effects of this cascade were habitat 
dependent. Reduction in crab densities and clam predation was most noticeable on sand 
flats, and less so in salt marshes, because salt marshes offered the crabs greater protection 
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from seabirds. There is also evidence for trophic cascades in terrestrial systems. Moran et 
al. (1996) demonstrated that the generalist predatory mantid Tenodera sinensis had a top-
down cascading effect on lower trophic level predators, herbivores and plants in an old-
field community, with T. sinensis suppressing herbivore densities so plant biomass 
increased. Lower predators showed a behavioural response to T. sinensis, emigrating 
from patches where it was present, although this had no effect on the trophic cascade 
between T. sinensis, herbivore numbers and plant biomass. Schmitz (1994, Schmitz et al. 
1997) also found evidence for top down cascading effects in a similar old-field 
community where spiders are the top predators. 
A series of reviews of the prevalence of trophic cascades in ecological communities 
found experimental evidence for trophic cascades in a range of systems including marine, 
lake, stream, grassland and agricultural communities (Brett and Goldman 1996, Pace et 
al. 1999, Schmitz et al 2000, Halaj and Wise 2001, Shurin et al. 2002). However, 
experiments suggest that trophic cascades showed the strongest response to predator 
manipulations in aquatic communities and a weaker response in terrestrial communities, 
suggesting that the greater diversity associated with terrestrial communities could weaken 
cascading effects. Shurin et al. (2002) also noted that there was a tendency for cascading 
top down effects to be attenuated between the herbivore and plant trophic levels, so the 
cascade does not propagate to the plant trophic level. This may occur because under 
intense herbivory, although the biomass of edible plants is reduced, there may be a 
compensatory increase in the biomass of inedible plants, so the cascading effect is one of 
a change in composition of the plant trophic level rather than of a change in biomass 
(Leibold 1989, Pace et al. 1999) 
Trophic cascades are a class of indirect effect, where two species interact indirectly via 
changes in a third species (Wootton 1994). Indirect effects may be the result of changes 
in the density of the intermediate species, in which case they are termed density-mediated 
indirect effects, or they may arise due to the modification of some aspect of behaviour or 
morphology of one species by another, which has implications for a third species; this 
type of effect is known as a trait-mediated indirect effect (Abrams 1995, chapter one). 
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Consider a simple food chain of a predator, prey and a resource. Density-mediated 
trophic cascades arise when the top predator suppresses prey abundance, so the prey no 
longer limits resource abundance and the resource becomes limited by other factors 
(Strong et al. 1999). Trait-mediated trophic cascades occur because the predator induces 
some change in its prey that reduces resource consumption. Typically the predator 
changes prey behaviour, for example increasing emigration rates (Power et al. 1985, 
Moran et al 1996), causing changes in activity time and diet selection (Beckerman et al. 
1997), increasing use of costly defensive strategies (Preisser et al 2005), and changing 
feeding behaviour (Trussell et al. 2002, Trussell et al. 2003). 
There has been considerable focus on determining whether trophic cascades are primarily 
density-or trait-mediated (Power a/. 1985, Moran e/a/. 1996, Beckerman e? a/. 1997, 
Schmitz et al 1997, Schmitz et al 2004). In an elegant study of an old-field arthropod 
community, where a guild of predatory spiders feeds on species of herbivorous 
grasshoppers, experimental manipulations of predators demonstrated a trophic cascade 
(Schmitz 1994). Schmitz went on to investigate the importance of density- and trait-
mediated trophic cascade effects by manipulating predatory spiders in this community, so 
they were either able to kill their prey, and thus have a density-mediated effect, or their 
mouthparts were disabled so they could not feed; any effect on their prey was a trait-
mediated effect due to their presence in the community. Although there was evidence for 
a density-mediated trophic cascade effect, it was compensatory to the trait-mediated 
effect, so that preventing consumption by predators had no effect on herbivore 
abundance, because changes in herbivore abundance caused by changes in herbivore 
behaviour as a result of the presence of the disabled predators compensated for the lack 
of prey consumption (Beckerman et al. 1997, Schmitz et al. 1997). Trait-mediated 
trophic cascades also appear to be important in other systems including freshwater 
experimental mesocosms (Huang and Sih 1991), intertidal rocky shore communities 
(Trussell 2002, Trussell et al. 2003) and sand flat communities (Micheli 1997), whereas 
evidence for trophic cascades dominated by density-mediated effects is limited to simple 
systems (Kaunzinger and Morin 1998), or is not conclusive (Strong et al. 1999). Schmitz 
et al (2004) argue for the importance of trait-mediated indirect effects, suggesting that 
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foraging-predation trade-offs determine the effect of a predator on its prey species, and 
that knowledge of how prey use their habitat and resources in response to predators 
should be sufficient to predict the occurrence of trophic cascades. Preisser (2005) 
reviewed cascading effects over multiple trophic levels and also emphasised the 
dominance of trait-mediated cascading effects, concluding that density-mediated effects 
become attenuated over multiple trophic levels whereas trait-mediated effects remain 
strong, and may allow predators to influence prey and resource abundance even when 
they consume relatively small quantities of prey. 
Recently there has been a lot of interest in the role of parasitoids in structuring 
phytophagous insect communities (e.g. Lawton 1986, Hawkins and Lawton 1987, Holt 
and Lawton 1993, Godfray 1994, Memmott et al. 1994, Dawah et al. 1995, Mtiller et al. 
1999, Morris et al. 2001, Lewis et al. 2002, Morris et al 2004, van Veen et al. 2006), and 
it has been suggested that parasitoids offer a powerful explanation for patterns in 
phytophagous insect communities (Lawton and Strong 1981, Holt and Lawton 1993, 
Godfray 1994, van Veen et al. 2006). There has been relatively little work on cascading 
effects in host-parasitoid communities. However, interactions between hosts and 
parasitoids tend to be strong, parasitoids often have a narrow host range, and many 
parasitoids attack at discrete trophic levels, suggesting that parasitoids are likely to cause 
trophic cascades. Theoretical investigations have extended the Nicholson-Bailey host-
parasitoid model to show that secondary parasitoids need to be more efficient than 
primary parasitoids to invade a host-parasitoid system, that they have the potential to 
stabilize cycling host-parasitoid populations, and there may be a density-mediated trophic 
cascade effect where the hyperparasitoid causes an increase in host abundance 
(Beddington and Hammond 1977, May and Hassell 1981). 
Our group has been studying an aphid-parasitoid community in Silwood Park, U.K. Food 
webs have suggested that the aphid-parasitoid community is structured as a collection of 
linear food chains linked at a high trophic level. At the base of each chain there is a 
different species of host plant, which is fed on by one to a few species of aphid; a small 
number of primary parasitoid species attack the aphids which are in turn attacked by a 
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small number of hyperparasitoid species; at the highest trophic level a guild of generalist 
secondary parasitoids appear to mediate strong indirect interactions between units based 
on different species of plants. Aphids that are part of units based on different species of 
plant also appear to interact via generalist aphid predators and possibly pathogens (Miiller 
et al. 1999). Because the food webs were fully quantitative we have an estimate of the 
strength of the interactions between species, and the primary parasitoids do not appear to 
reach abundances at which they have a significant effect on aphid numbers. This appears 
to be caused by hyperparasitoids that suppress primary parasitoid numbers, decoupling 
the aphid and primary parasitoid populations, thus propagating an effect that cascades 
down the system from hyperparasitoids to aphids. The hyperparasitoids that occur at our 
field site can also affect primary parasitoid behaviour by releasing spacing and sex 
pheromones that primary parasitoids may respond to so they increase their dispersal rates 
(Holler et al. 1994). Aphids also respond to cues from secondary parasitoids. Van Veen 
et al. (2001) demonstrated that the Acyrthosiphon pisum responds to volatile 
chemicals produced by aphid hyperparasitoids that attack larval primary parasitoids, and 
generalist secondary parasitoids that attack pupating primary and hyperparasitoids. A. 
pisum increased its lifetime reproduction in response to these cues because they indicated 
that levels of primary parasitism would be lower; the mechanism by which A. pisum does 
this is not clear, but may be linked to a reduced investment of resources in defensive 
behaviour. 
Patterns in the quantitative food webs of the aphid-parasitoid community at our field site 
have prompted manipulative experiments that have explored how interactions between 
aphids and primary parasitoids affect the structure of simple replicated population cage 
communities (van Veen et al. 2005, chapter two, chapter three). Here I describe an 
experiment that has extended this approach to investigate whether a hyperparasitoid has a 
trophic cascade effect on the stable three-species community described in van Veen et al. 
(2005, see introductions, chapters two and three for more details), where the aphid 
Megoura viciae stabilises the interaction between the aphid Acyrthosiphon pisum and the 
parasitoid Aphidius ervi, and is prevented from being competitively excluded by A. ervi 
suppressing A. pisum numbers. I assembled replicated population cage communities 
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composed of M viciae, A. pisum and^. eadyi (a close relative o f^ . ervi with a similar 
host range) to which I added the hyperparasitoid Alloxysta victrix. I also assembled 
replicated communities composed o f M viciae, A. pisum and eadyi, and communities 
composed of^L pisum, A. eadyi and^. victrix. I compared population dynamic data for 
each species from the different communities, which allowed me to explore the effects of 
A. victrix and M. viciae, and interactions between the two species on community 
structure. A. victrix was expected to cause the suppression and possible extinction of 4^. 
eadyi and increase the population growth rate and average numbers of A. pisum. Based on 
findings from previous experiments that have shown that M. viciae alters primary 
parasitoid behaviour, stabilising the interaction with its host, I expected the effect of M 
viciae on A. eadyi to propagate up the food chain, modifying the interaction between A. 
eadyi and A. victrix, with consequences for community structure. 
4.3 MATERIALS AND METHODS 
Study organisms 
Megoura viciae (Buckton) and Acyrthosiphon pisum (Harris) are species of aphid that 
feed on Lathyrus uliginosus and Vicia spp. At our field site they co-occur on the same 
plant. The aphids used in this experiment came from the same stock as those described in 
chapters two and three. For further details of both species and the conditions in which the 
stock cultures were kept please see the materials and methods sections of chapters two 
and three. 
Aphidius eadyi (Stary, Gonzalez and Hall) is a primary parasitoid of aphids; it attacks A. 
pisum at our field site. The A. eadyi used in this experiment came from the same stock as 
those used in chapter three. For a detailed description of A. eadyi and the conditions that 
the stock culture were kept under prior to the start of the experiment please see the 
materials and methods section of chapter three. 
Alloxysta victrix (Westwood) (Hymenoptera, Charipidae) is a hyperparasitoid that attacks 
aphid primary parasitoids of the genera Aphidius and Praon. At our field site it is mainly 
found in A. pisum mummies although it has been recovered from mummies of the aphids 
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Mcm/op/zm/M Aferopo/opAw/M a/6zWw7M, spp. and OvaAt; g/gcAofwae. 
A. victrix is a koinobiont endoparasitoid. Female A. victrix will approach an aphid and 
palpate it before probing the aphid abdomen with her ovipositor. If the larva of a primary 
parasitoid is located, she injects an egg into the body cavity of the primary parasitoid. 
The juvenile hyperparasitoid then undergoes a period of delayed development until the 
primary parasitoid consumes and kills the aphid host and spins itself a cocoon. The 
primary parasitoid remains as a mature larva until it is consumed by the juvenile A. 
victrix, which then pupates inside the husk of the aphid and emerges as an adult. At 24°C 
adults, victrix emerge approximately 13 days after oviposition (Sullivan 1972), although 
this experiment was conducted at 20°C, extending the period between oviposition and 
emergence. The A. victrix used in this experiment were obtained by harvesting mummies 
of the large nettle aphid {Microlophium carnosum) in Silwood Park, and rearing the 
contents through to emergence so A. victrix could be identified and collected. Prior to the 
start of the experiment I kept duplicate stock populations of A. victrix in a controlled 
environment room. The populations were maintained by providing an abundant supply of 
A. pisum that was reared on V. faba and had been parasitized by A. eadyi. 
Experimental design 
I collected population dynamic data from replicates of three different aphid-parasitoid 
communities (figure 4.1). What I shall call the competition treatment included A. pisum 
and M. viciae competing for resources and A. eadyi parasitizing A. pisum. What I called 
the hyperparasitoid treatment was composed of A. pisum parasitized by A. eadyi, which 
was parasitized by A. victrix. The competition-hyperparasitoid treatment combined the 
first two communities, with A.pisum and M. viciae competing for resources, A. eadyi 
parasitizing^./PWMOT and A. v/c/r/x parasitizing eadyi. Each community was replicated 
eight times, but one competition replicate and one competition-hyperparasitoid replicate 
were excluded from the analysis because A. eadyi failed to establish. 
Each replicate consisted of a 30 x 30 x 30cm Perspex population cage containing eight 
pots of Viciafaba (The Sutton) seedlings, which were subject to a staggered renewal 
regime. The cages were kept under controlled conditions. Full details of the cages, plant 
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renewal regime and conditions are described in the materials and methods sections of 
chapters two and three. 
Aphid populations were initiated by adding five apterae of the appropriate species to each 
cage (a total of ten aphids per cage for the treatments that included both species of aphid, 
and five aphids per cage for the treatment that only included A. pisum), to ensure 
overlapping generations the cages were inoculated with a second batch of five adult 
apterae of the appropriate species one week later; I wanted overlapping generations 
because that is what occurs at our field site, and it makes the system amenable to being 
modelled in continuous time. After two weeks both aphid species had reached numbers 
where they were starting to compete for resources, so two young, mated, female adult A. 
eadyi were introduced to each cage, followed by a second batch one week later, again to 
ensure overlapping generations. Four weeks after the first A. eadyi were introduced, A. 
eadyi had successfully established in 22 of the 24 cages. At this stage two young, mated 
female adults and one young male adult A. victrix were introduced to the appropriate 
treatment cages. To ensure A. victrix had overlapping generations a second batch of two 
females and a male were introduced to each cage after ten days, which takes into account 
the longer generation time of A. victrix. 
Once a week the number of aphids and aphid mummies of each species in each cage were 
counted following the procedure described in chapter two. Whole cage counts were taken 
of each species of adult parasitoid in each cage by agitating the cage, which causes the 
parasitoids to fly up so they can be easily spotted, identified and counted. Because I was 
unable to determine whether mummified aphids contained A. eadyi or victrix, aphid 
mummies were excluded from the analysis. The average numbers ofW. eadyi are lower in 
this experiment than in chapter three because this experiment only included adult 
parasitoids in the analysis whereas the parasitoid counts in chapter three were of adults 
and mummies. 
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Analysis 
I used contingency tables to test whether there was an association between community 
structure and the number of replicates in which each species went extinct. Fisher's exact 
test was used to test whether the association was significant because at least one of the 
expected values in each contingency table was less than five, where Fisher's exact test is 
more appropriate than a test (Crawley 2002). 
To test whether community structure had a significant effect on the final population size 
of each species, I fitted GLMs with final population size as the response variable and 
community structure modelled as a factor. Analysis of the population dynamics used all 
the weekly data collected following the first introduction of victrix to the appropriate 
treatments. I analysed the population dynamics using two approaches. Firstly I summed 
the weekly counts for each species in each replicate and used these values as derived 
variables summarising the population dynamics of each species. I tested whether 
community structure had a significant effect on the population dynamics of each species 
by fitting GLMs with cumulative number as the response variable and community 
structure modelled as a factor. Because the final population sizes and cumulative 
numbers were counts, I fitted poisson errors, or where there was evidence for 
overdispersion, I fitted quasipoisson errors. Deletion of the community structure term 
was used to test whether community structure had a significant effect on final population 
size and cumulative numbers. 
I also fitted linear mixed effects models to determine whether community structure had 
an effect on the population dynamics and average numbers of each species. All counts 
after week seven when A. victrix was introduced to the appropriate treatments were 
included in the analysis. The counts were square root transformed to ensure constancy of 
variance and normalize the error structure, both of which are assumptions of linear 
models. I fitted linear mixed effects models to each species with transformed numbers as 
the response variable and time and community structure modelled as factors. I tested 
whether community structure had a significant effect on the population dynamics of each 
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species by deletion of the time:community structure interaction, and for a significant 
effect on average numbers by deletion of the community structure term. 
Alloxysta victrix 
Aphidius eadyi 
i I 
Acyrthosiphon pisum Megoura viciae 
Vicia faba 
a) 
Alloxysta victrix 
Aphidius eadyi 
Acyrthosiphon pisum 
Vicia faba 
b) 
Aphidius eadyi 
Acyrthosiphon pisum Megoura viciae 
Vicia faba 
c) 
Figure 4. 1 Experimental community structures, (a) Competition-hyperparasitoid treatment. A. 
pisum and M. viciae competing for V.faba, A. eadyi parasitizing A. pisum and A. victrix 
parasitizing J . eadyi. (b) Hyperparasitoid treatment. A. pisum feeding on V.faba. A. eadyi 
parasitizing A. pisum and A. victrix parasitizing A. pisum. (c) Competition treatment. A. pisum and 
M. viciae competing for V. faba, A. eadyi parasitizing A. pisum. 
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4.4 RESULTS 
Hyperparasito id 
First I studied the experimental treatment that included interactions between 
and vzcfrix; (Ggure 4.2a). 4^. jCMwrn 
numbers increased following setup to a peak of 3755 ± 334 per cage after three weeks. 
Following the introduction of parasitoids aphid numbers declined steadily; after 25 weeks 
A. pisum was extinct. A. eadyi numbers increased rapidly following introduction to a peak 
of 23 ± 4 adults per cage six weeks after introduction. Numbers then declined steadily 
until there were no adults present in any of the replicates 20 weeks after the start of the 
experiment. A. victrix numbers increased steadily following introduction to a peak of 6 ± 
2 adults per cage eight weeks after introduction followed by a period of steady decline. 
There were no adults present in any of the replicates after 20 weeks. 
Competition 
In the second treatment I allowed A. pisum and Megoura viciae to compete for resources, 
while A. eadyi parasitized^, pisum (figure 4.2b). Numbers of both species of aphid 
increased during the initial period following set up. A. pisum peaked at 1481 ± 145 aphids 
per cage after five weeks and M. viciae peaked at 1266 ± 204 aphids per cage after four 
weeks. Following parasitoid addition, the numbers of both species went through a period 
of decline. A. pisum numbers stabilized at 103 ±12 aphids per cage after 16 weeks. 
Following a decline to 161 ± 49 aphids per cage after nine weeks M. viciae numbers 
increased steadily to 2392 ±217 aphids per cage after 30 weeks. Following introduction 
A. eadyi numbers increased rapidly to a peak of 20 ± 7 adults per cage nine weeks after 
the start of the experiment. Numbers then declined before stabilising at 2.5 ± 0.5 adults 
per cage sixteen weeks after the start of the experiment. 
Competition-hyperparasitoid 
In the final treatment I studied A. pisum and M. viciae competing for resources, while A. 
eadyi parasitized A. pisum and A. victrix parasitized A. eadyi (figure 4.2c). Numbers of 
both species of aphid increased following introduction. A. pisum numbers reached a peak 
of 1519 ± 181 aphids per cage three weeks after introduction before undergoing a steady 
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period of dechne. Following the extinction of A. eadyi, A. pisum numbers increased 
steadily to a peak of 857 ± 240 aphids per cage after 30 weeks. M. viciae numbers 
reached a peak of 1046 ± 252 aphids per cage after four weeks before declining due to 
competition with v4. pisum. As^l. pisum numbers declined and competition was relaxed, 
M. viciae numbers reached a peak of 1514 ± 242 aphids per cage 15 weeks after 
introduction before stabilising at 1080 ± 118 aphids per cage for the remainder of the 
experiment. A. eadyi numbers increased following introduction to a peak of 18 ± 6 adults 
per cage after six weeks, before declining steadily. After 25 weeks there were no adult ^ 4. 
eadyi present in six of the seven replicates. A. victrix numbers increased steadily 
following addition to a peak of 4 ± 1.5 adults per cage eight weeks after introduction 
before declining towards extinction. After 21 weeks there were no adults present in any 
of the replicates. 
Extinction 
In the hyperparasitoid treatment A. pisum was extinct after 31 weeks in all eight 
replicates, whereas in the competition-hyperparasitoid treatment^, pisum persisted in six 
of the replicates, so the addition of M viciae to the hyperparasitoid treatment was 
associated with an increase in the probability that A. pisum persists (Fisher's exact test, p 
= 0.001). Bothv4. eadyi and A. victrix were extinct after 31 weeks in all eight replicates of 
the hyperparasitoid treatment and all seven replicates of the hyperparasitoid-competition 
treatment, so there was no association between the inclusion of M. viciae and the 
probability that either species of parasitoid persisted (A. eadyi Fisher's exact test, p = 1, 
A. victrix Fisher's exact test, p= I). 
In the competition treatment 4^. pisum was extinct after 31 weeks in two of the seven 
replicates, whereas it was extinct in one of the seven replicates of the competition-
hyperparasitoid treatment, so there was no association between the addition o f^ . victrix 
to the competition treatment and the probability that A. pisum went extinct (Fisher's exact 
test, p = 1). A. eadyi went extinct in three of the competition replicates and six of the 
competition-hyperparasitoid replicates, but association between the A. eadyi persistence 
and A. victrix inclusion was not significant (Fisher's exact test, p = 0.26). 
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Final numbers 
After 30 weeks, all species in the hyperparasitoid communities were extinct so I did not 
include this community structure in the analysis of final numbers. 
I compared the final numbers in the competition and competition-hyperparasitoid 
communities (table 4.1). Final numbers o f^ . pismn were significantly higher in the 
competition-hyperparasitoid community (Fi,i2= 10.5, p =0.007), whereas final numbers 
of M vfciae were significantly lower in the competition-hyperparasitoid community (Fijz 
= 6.2, p = 0.03). yl. eadyi was extinct in all but one of the competition-hyperparasitoid 
cages, so I have not included it in the analysis of final numbers. 
Population dynamics 
The addition of M. viciae to the hyperparasitoid treatment increased the population 
growth rate ofy4. pisum (timertreatment effect, likelihood ratio test = 50, jcxO.OOl), 
reduced the population growth rate of A. victrix (time;treatment effect, likelihood ratio 
test = 19.8, /?<0.001), but had no effect on the population growth rate or average 
abundance of A. eadyi (time: treatment effect, likelihood ratio test = 0.2, N.S., treatment 
effect, likelihood ratio test = 0.1, N.S.). The inclusion of M. viciae had no effects on the 
cumulative numbers o f^ . pisum (Fijg = 0.005, N.S.), A. eadyi (Fi,i3 = 0.1, N.S.), or A. 
victrix (Fi,i3 = 0.6, N.S.). 
I also compared the population dynamics of species in the competitition-hyperparasitoid 
and competition treatments. The inclusion of A. victrix significantly increased the 
population growth rate of A. pisum (time:treatment effect, likelihood ratio test = 6.9, p = 
0.008). Whereas the inclusion of A victrix had a significant negative effect on the 
population growth rate of M. viciae (time;treatment effect, likelihood ratio test = 24.7, 
p<0.001), and a significant negative effect on the population growth rate of A. eadyi 
(time:treatment effect, likelihood ratio test = 17.7, p<0.001). A. victrix had no effect on 
the cumulative numbers of pisum (Fi,i2 = 1.7, N.S.), M. viciae (Fijz = 0.8, N.S.), or 
eadyi (Fi,i2 = 1.18, N.S.). 
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Finally I compared the population dynamics of the species in the hyperparasitoid and 
competition treatments. The combination of the inclusion of yl. victrix and absence of M 
viciae had no effect on the population growth rate (time;treatment effect, likelihood ratio 
test = 0.9, N.S.), average numbers (treatment effect, likelihood ratio test = 0.15, N.S.), or 
cumulative numbers (Fijs = 0.65, N.S.). Similarly ^ 4. victrix presence and M. viciae 
absence had no effect on the population growth rate (time:treatment effect, likelihood 
ratio test = 0.13, N.S.) or cumulative numbers of^ . eadyi (Fi,i3 = 5 x e"'^ , N.S.) although 
average numbers of A. eadyi were marginally higher in^. pisum-A. eadyi-A. victrix 
communities (treatment effect, likelihood ratio test = 4.5, p = 0.03) 
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F i g u r e 4. 2 Numbers (mean ± SE) in the three experimental communities, averaged across 
replicates. Total numbers are plotted for each of the aphid species, whereas numbers of adults are 
plotted for the parasitoids. (a) A. pisum - Aphidius eadyi - AUoxysta victrix interaction. All three 
species decline towards extinction from early peaks, (b) M. viciae and A. pisum competing for a 
shared resource and parasitism of A. pisum by A. eadyi. Following parasitoid introduction A. 
pisum declines and M. viciae increases before the numbers of both species stabilize, (c) Resource 
competition between A. pisum and M. viciae with A. eadyi parasitizing A. pisum and A. vicirix 
parasitizing eadyi. Following the introduction of^L eadyi, A. pisum numbers decline and M 
viciae numbers increase. A. victrix introduction triggers a decline in A. eadyi numbers allowing A. 
pisum numbers to start recover towards the end of the experiment. 
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Tab le 4. 1 Mean population sizes 31 weeks after aphids were first added. Competition refers to 
communities containing A. pisum, M. viciae and A. eadyi. Hyperparasitoid refers to communities 
containing A. pisum, A. eadyi and A. victrix. Competition + hyperparasitoid refers to communities 
composed of pisum, M. viciae, A. eadyi and A. victrix. 
Treatment Mean ± SE 
Acyrthosiphon pisum Competition 165±71 
Hyperparasitoid 0 ± 0 
Competition + hyperparasitoid 857 ± 240 
Megoura viciae Competition 2392 ±217 
Hyperparasitoid NA 
Competition + hyperparasitoid 1187 ±365 
Aphidius eadyi Competition 2.3 ± 1.1 
Hyperparasitoid 0 ± 0 
Competition + hyperparasitoid 1.1 ± 1.1 
Alloxysta victrix Competition NA 
Hyperparasitoid 0 ± 0 
Competition + hyperparasitoid 0 ± 0 
4.5 DISCUSSION 
I have shown that a trophic cascade effect in an aphid-parasitoid food chain is dependent 
on the presence of a second species of aphid that reduces the searching efficiency of the 
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primary parasitoid, and that a hyperparasitoid can have a negative density-mediated 
indirect effect transmitted over four trophic levels to a competitor of its aphid host. 
It has previously been shown that a community composed of the aphids A. pisum and M 
viciae competing for the resource Vica faba, with the parasitoid ervi attacking ^ 4. 
pisum, is stabilized by trait- and density-mediated indirect effects (van Veen et al. 2005). 
The particular system I studied took a similar experimental community to that used by 
van Veen et al, with M. viciae and .4. pisum competing for V. faba, and the parasitoid 
eadyi attacking A. pisum, and added the hyperparasitoid A. victrix (competition-
hyperparasitoid). I also investigated the components. pisum-A. eadyi-A. victrix 
(hyperparasitoid) and the M. viciae-A. pisum-A. eadyi (competition) communities. 
The competition treatment was stable, and all three species were able to persist for the 31 
week duration of the experiment. The Hyperparasitoid treatment was unstable and all 
three species went extinct in all replicates before the end of the experiment. Previously 
van Veen et al. (2005) have shown that the A. pisum-A. grvz interaction is unstable 
because A. ervi over exploits A. pisum and drives it to extinction. Because A. eadyi is a 
sister species of A. ervi, attacks a similar range of hosts at our field site, and informal 
experiments have confirmed that eadyi does drive A. pisum extinct in population cages 
(T Jones, personal observation), I assume that the dynamics of the interaction between A. 
eadyi and A. pisum is very similar to that of A. ervi and A. pisum. Adding A. victrix had 
no qualitative effect on the^l. pisum-A. eadyi interaction; A. eadyi overexploited y4. 
pisum, driving it extinct, and with the loss of the host A. eadyi and A. victrix also went 
extinct. 
In the competition-hyperparasitoid treatment/I. eadyi was driven extinct hy A. victrix, 
and A. pisum persisted and started to compete with M. viciae. We know from previous 
competition experiments that J . pisum will exclude M. viciae from population cage 
communities (chapter two), so we can assume that had we run the experiment for longer 
than 31 weeks M. viciae would have been excluded hy A. pisum. The inclusion of M. 
viciae altered the outcome of the v4. pisum-A. eadyi-A. victrix interaction. Van Veen et al. 
demonstrated that M. viciae reduces the efficiency of the primary parasitoid, stabilising 
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the aphid-parasitoid interaction so there ceases to be a race between 4^. eadyi and A. 
victrix to drive their respective hosts extinct. A. victrix is thus able to overexploit 
eadyi, driving it to extinction and freeing A. pisum numbers from being limited by 
parasitism. 
The addition of A. victrix to the competition treatment had a positive indirect effect on the 
population growth rate and final numbers of ^ 4. pisum. Two mechanisms may have 
contributed to this effect. First there was a density-mediated trophic cascade; A. victrix 
reduced the population growth rate and caused the eventual extinction of A. eadyi thus 
allowing A. pisum to have a greater population growth rate. In the absence of M. viciae A. 
victrix has no effect on A. pisum because A. pisum is driven extinct by A. eadyi. However, 
when M. viciae is present, it modifies the interaction between eadyi and A. pisum so 
the interaction is stable and both species will persist. Only under this circumstance isy4. 
victrix able to suppress and drive extinct^, eadyi, so the positive indirect effect of A. 
victrix on A. pisum is dependent on the trait-mediated indirect effect where M. viciae 
stabilises the A. pisum-A. eadyi interaction. 
Second, there is evidence from field experiments that^. pisum adults increase their 
reproductive rate and total lifetime reproduction in response to chemical cues from A. 
victrix (van Veen et al. 2001). It is possible that this effect may have contributed to the 
increased population growth rate of A. pisum. In contrast A. victrix had a density-
mediated negative effect on the population growth rate and final numbers of M viciae. 
M. viciae is competitively inferior to A. pisum and the positive effect of A. victrix on A. 
pisum resulted in increased competition for resources between the aphid species that 
negatively affected M. viciae. A. pisum has been shown to exclude M viciae from 
population cage communities (van Veen et al. 2005, chapter two), and I predict that if I 
had run this experiment for more than 31 weeks M. viciae would have been competitively 
excluded from the competition-hyperparasitoid treatment by A. pisum. 
Below I discuss a number of criticisms related to the experimental set-up described in this 
chapter. 
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For logistic reasons, I was unable to include all the constituent interactions of the full 
competition-hyperparasitoid community in the study. It would have been particularly 
interesting to include a community composed of A. pisum and A. eadyi, because this 
would have allowed direct comparisons of the population dynamics of yl. eadyi in the 
presence and absence of A. victrix, and also allow us to determine how A victrix alters 
the A. pisum-A. eadyi interaction. 
The experimental set-up described above is spatially homogeneous, species were added 
to all the replicates in a set order and periods of transient dynamics are likely to have 
followed the introduction of each species. Please see discussions in chapters two and 
three for more details on how these factors may have influenced the results outlined 
above. In the experiment reported above, an extra trophic level was included relative to 
chapters two and three. Due to the inefficiency of energy transfers between trophic levels, 
populations are smaller at higher levels (Post et al 2000) as a result issues with small 
populations, including the influence of environmental and demographic stochasticity, 
become increasingly important as the number of trophic levels is increased. Higher levels 
of replication are required to allow one to obtain meaningful results regarding 
deterministic processes. 
Theoretical studies have suggested that populations at higher trophic levels take longer to 
recover from perturbations (Pimm and Lawton 1977), although this is not a universal 
phenomenon and depends on the regulatory mechanisms that operate at each trophic level 
(Sterner et al. 1997), it can make systems with greater numbers of trophic levels 
susceptible to longer periods of transient dynamics, which may have influenced the 
results of this experiment. 
The results suggest a trophic cascade extending from A. victrix to A. pisum, but I did not 
investigate whether the effect extended to the plant trophic level. This was primarily 
because of the difficulties in accurately quantifying plant biomass, and also because 
aphids may affect plant quality as well as quantity, causing changes in the plants that 
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reduces their suitability as a food resource to themselves and other species of aphids 
(Moran and Whitham 1990). Quantifying changes in plant quality was beyond the scope 
of this experiment; however, without this information we get an incomplete picture of the 
processes operating in this community, particularly regarding the argument that 
cascading effects become attenuated at the plant-herbivore interface (Shurin et al. 2002). 
The results presented above are from a simple laboratory system, but how relevant are 
these results to complex natural communities? 
It has been hypothesised that secondary parasitoids decouple the interaction between 
aphids and primary parasitoids at our field site by suppressing primary parasitoid 
numbers (Mtiller et al. 1999). This idea is supported by primary parasitism rates of 
approximately 6% and secondary parasitism rates of 60% (van Veen et al. 2002). My 
results suggest that secondary parasitoids can suppress and drive to extinction primary 
parasitoids, freeing aphids from top-down control. However, this effect was largely 
contingent on the presence of a second aphid species that stabilized the aphid-parasitoid 
interaction. Natural communities, including the aphid-parasitoid community at our field 
site, are complex so there is scope for webs of trait- and density mediated indirect effects 
such as that described in the experiment above. I found that changes to community 
structure modified the likelihood that a species went extinct, but the species used in this 
experiment do co-occur at our field site. The extinctions were the result of unstable host-
parasitoid interactions, but there are a number of mechanisms that may stabilise these 
interactions. Heterogeneity in the risk of parasitism (May 1978, van Veen et al. 2002), 
environmental variability (Chesson 2000), and the response of primary parasitoids to cues 
from secondary parasitoids, dispersing to avoid parasitism (Holler et al. 1994), have all 
been shown to stabilise host-parasitoid interactions. The effects described above may be 
relevant at our field site, but any increased stability of the host-parasitoid interactions 
may mean they cause changes in abundances rather than changes to extinction patterns; 
this means that the most interesting finding may be that M. viciae reduces the efficiency 
of A. eadyi relative to A. victrix, allowing the top-down effect to propagate down the food 
chain and thus decouple the aphids and primary parasitoid populations. 
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I speculated that the extinction of A. eadyi in the competition-hyperparasitoid 
communities would lead to the competitive exclusion of M. viciae by^L pisum had the 
experiment run for longer. At our field site aphid numbers are limited by generalist 
predators and possibly pathogens rather than competition (van Veen personal 
communication), so it is unlikely that the top-down effect of A. victrix would lead to 
competitive exclusion of aphid species in natural communities. Rather, if aphid diversity 
is primarily influenced by host plant availability and the effects of generalist predators 
and pathogens, then we can interpret the results presented here as suggesting that aphid 
diversity may influence the trophic dynamics of primary and hyperparasitoids via indirect 
effects. 
At our field site a guild of generalist secondary parasitoids attack mummifying primary 
and hyperparasitoids. Although the trophic relationship of these parasitoids with 
hyperparasitoids and primary parasitoids is poorly resolved (Miiller et al. 1999), they are 
omnivorous and have a broad host range, violating the trophic cascade model of discrete 
trophic levels and linear food chains. It is unclear how this guild of parasitoids would 
affect the applicability of the results described above, although omnivory and food web 
complexity are both thought to attenuate trophic cascades (Leibold 1989, Polis and 
Strong 1996), although this view may be misplaced (Schmitz et al 2000, and below). 
At a more general level, it has been suggested that trophic cascade effects weaken with 
increasing diversity (Thebault and Loreau 2005, Byrnes et al. 2006, Duffy et al. 2005), 
and that trophic cascade effects are not important in terrestrial arthropod food webs, not 
least because widespread trophic omnivory is thought to dissipate trophic cascade effects 
(Polis 1991, 1994, PoHs and Strong 1996). However, recent studies have shown that 
trophic cascades do occur in terrestrial arthropod food webs (Schmitz 1994, Schmitz et 
al. 1997). Also, the aphid-parasitoid food web at our field site is divided into relatively 
linear food chains centred on different species of host plant that are only linked at the 
highest trophic level, admittedly this ignores the role of generalist aphid predators and 
pathogens, but effects may cascade down these individual food chains, and this 
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experiment indicates that the presence of other species may actually facilitate these 
cascading effects. 
These results may also have implications for modelling multispecies aphid-parasitoid 
interactions. If only density-mediated interactions are important, modelling multispecies 
communities is straightforward, and the model can be built from smaller models of the 
constituent pair-wise interactions in the community (Wootton 1993, Schmitz 1998). 
However, modelling communities where trait-mediated indirect effects are important is 
much more difficult and requires an understanding of the processes operating in 
multispecies communities that cannot be inferred from pair-wise interactions (van Veen 
et al. 2005, for an example). The results presented above suggest that trait-mediated 
effects are of central importance to multispecies aphid-parasitoid communities, and that 
incorporating these effects into community models would be difficult but necessary. 
In conclusion, I have described an experiment where a top-down effect cascades down an 
aphid-parasitoid-hyperparasitoid food chain resulting in extinction, but where the effect is 
dependent on a non-trophic interaction with a second species of aphid. Further work is 
required to determine how these effects extend to more complex multispecies systems 
and whether similar processes are important in natural communities. We also need to 
dissect the contributions of trait- and density mediated effects to the overall trophic 
cascade effect of A. victrix, and if we wish to incorporate these findings into a general 
hypotheses concerning the structure of phytophagous insect communities we need to 
determine whether the cascading effect extends to the plant trophic level. 
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CHAPTER 5 
Field experiment testing for the effect of spatial separation on the 
strength of parasitoid mediated apparent competition between aphid 
primary parasitoids 
5.1 ABSTRACT 
1. Shared natural enemies can mediate indirect interactions between alternative 
hosts, with consequences for community structure. Spatial structure may limit the 
effects of these indirect interactions. 
2. Food webs and experiments suggest that secondary parasitoids may mediate 
apparent competition between primary parasitoids in an aphid-parasitoid 
community. Here I describe a field experiment that tested for, and attempted to 
quantify a spatial component of apparent competition between the aphid 
parasitoid J . ervi and the community of parasitoids that attack nettle aphids. 
3. Transects were set up leading out from patches of nettles and their associated 
aphids and parasitoids. 
4. Batches of pupating A.ervi were placed at intervals along each transect. Attacks 
by secondary parasitoids were recorded along each transect. A declining trend in 
parasitism along each transect with increasing distance from the nettle patch 
would suggest that there is apparent competition and that it declines with spatial 
separation of apparent competitors. 
5. There was no evidence for a declining trend in secondary parasitism with spatial 
separation of potential apparent competitors, although the findings of this 
experiment do not rule out apparent competition between aphid primary 
parasitoids. 
6. Some of the difficulties of exploring spatial structure in relation to indirect 
interactions in insect communities are discussed. 
5.2 INTRODUCTION 
Different species live together in ecological communities and interactions between 
species can contribute to the structure and function of these communities. Competition 
processes can explain patterns in resource partitioning between species, and may exclude 
species from communities (Tilman 1977). However, ecologists have argued that insects 
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feeding on plants are not resource limited (Hairston et al. 1960), and resource 
competition is too weak or intermittent to explain patterns in phytophageous insect 
communities (Lawton and Strong 1981). Instead, natural enemies (predators, parasitoids 
and parasites) are thought to play an important role in structuring phytophageous insect 
communities (Lawton and Strong 1981, Holt and Lawton 1993, 1994). Interspecific 
competition between phytophagous insects does occur (Stiling and Strong 1984, Karban 
1986, 1989, Denno et al. 1995), although it is often by more subtle means than resource 
depletion, for example competing insects may cause changes in host plant chemistry that 
affect its quality as a food resource (Moran and Whitham 1990). However, phytophagous 
insects often have narrow host ranges where there are limited opportunities for resource 
competition; it has been argued that natural enemies are important factors determining the 
structure and function of such communities (van Veen et al. 2006). 
When the abundance of a species is strongly dependent on a factor, such as a resource or 
a natural enemy, such that the species relies strongly on the presence of the factor, and 
the factor responds strongly to the species, then a density dependent feedback loop will 
establish and the factor can be described as a "limiting factor" acting on the species. 
When two species share a limiting factor they can interact indirectly by causing changes 
in the limiting factor that affect the second species (Williamson 1957). The classic 
example of this is exploitation competition, where one species depresses the limiting 
factor, in this case a resource, which impacts on the abundance of a competitor species. If 
two species share a natural enemy that limits prey abundance and whose abundance is 
limited by prey availability, the natural enemy will be a shared limiting factor. In this 
scenario prey species can interact indirectly via the numerical response of the shared 
predator, a process formally identified by Holt (1977), who termed it "apparent 
competition" because the outcome is similar to competition for a shared resource. The 
simplest models of apparent competition suggest that the prey species able to support the 
greatest abundance of a shared natural enemy will exclude alternative prey from the 
community, because the predation rate will be high enough to prevent the alternative prey 
having a non-negative population growth rate (Holt 1977, Holt and Lawton 1993). 
Exclusion by apparent competition has been demonstrated in a laboratory experiment, 
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where the moths Plodia interpunctella and Ephestia kuehniella persisted when kept alone 
with the parasitoid Venturia canescens, but when all three species were kept together, E. 
kuehniella was rapidly driven extinct through apparent competition; time series data 
indicated that P. interpunctella is able to persist in the presence of higher densities of V. 
canescens (Bonsall and Hassell, 1997,1998). There is evidence for apparent competition 
from a range of systems including molluscs in a reef community (Schmitt 1987), aphids 
and shared predators in an agricultural system (Evans and England 1996), between aphids 
that share a fungal pathogen (Pope et al. 2002) and strains of Plasmodium that co-occur 
in the same host, mediated by the host immune system (Raberg et al. 2006). For a 
comprehensive review of evidence for apparent competition see Chaneton and Bonsall 
(2000). 
Apparent competition, as outlined above, is the result of changes in natural enemy 
abundance in response to prey. When the shared natural enemy is long-lived relative to 
prey, it will not have a fast numerical response to changes in prey availability and 
apparent competition via the natural enemy numerical response cannot account for 
community patterns. There is a second type of apparent competition that may exclude 
prey from patches in a community within a single natural enemy generation (called short-
term apparent competition). Natural enemies may respond to the presence of prey in a 
patch, so they spend longer feeding before leaving the patch and as a result aggregate 
where there are high prey densities. Alternative prey species in the patch will be 
negatively affected the presence of the first prey species causing natural enemy 
aggregation, and thus the two species interact via changes to natural enemy behaviour 
(Holt and Kotler 1987). Muller and Godfray (1997) demonstrated short-term apparent 
competition between aphids in a field experiment. Populations of the aphid Microlophium 
carnosum performed poorly in the presence of large populations of the aphid 
Rhopalosiphon padi. These species feed on different host plants, so the effect was not due 
to resource competition, rather, the large populations ofR. padi attracted coccinellids that 
fed on M. carnosum, hastening population decline and reducing the number of dispersing 
alates. 
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Parasitoids should be important mediators of apparent competition in phytophageous 
insect communities because they are efficient enough to effectively suppress host 
abundances, and their generation time is often similar to their hosts', enabling parasitoid 
abundance to change rapidly in response to changes in host abundance (Holt and Lawton 
1993). One would expect parasitoids in natural communities to be specialists as 
alternative prey are excluded by apparent competition. Contrary to this prediction, 
parasitoids in natural communities often attack more than one host species (Memmott et 
al 1994, Miiller et al. 1999, Rott and Godfray 2000, Lewis et al. 2002). There are a 
number of mechanisms that can allow host coexistence under parasitoid mediated 
apparent competition, including refuges and host resource limitation (Holt and Lawton 
1993), cycling populations (Abrams et al. 1998) and frequency dependent attack rates 
(Abrams and Matsuda 2004). In particular theoretical studies have identified spatial 
structure as an important mechanism that can allow the coexistence of apparent 
competitors. Metapopulation models suggest that alternative hosts and a shared parasitoid 
that disperse locally between subpopulations in adjacent patches can coexist, if host 
dispersal rates are sufficiently different because the alternative hosts become spatially 
segregated (Comins and Hassell 1996, Bonsall and Hassell 2000, King and Hastings 
2003). 
Spatial segregation per se can promote the coexistence of apparent competitors. As long 
as the natural enemy forages optimally, and the different hosts are segregated into 
different patches, apparent competition is reduced and the likelihood of host coexistence 
is increased. Whether or not different hosts are perceived as spatially segregated by the 
natural enemy will depend on the rate that it moves through the community. Also the 
natural enemy may actually drive spatial segregation of hosts by preventing two host 
species living in the same patch through within-patch apparent competition, although 
different hosts need to be the dominant apparent competitor in different types of patch 
(Holt 1984). 
One approach to studying communities is to construct food webs, use the food webs to 
suggest hypotheses about processes structuring the community and then to test these 
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hypotheses with manipulative experiments. This approach has been used to study an 
aphid-parasitoid community in Silwood Park, U.K. Food webs that quantify the 
interactions between aphids and their parasitoids have been constructed for several 
seasons (Miiller et al. 1999). These food webs suggest that the community is divided into 
units based on different species of host plant, with associated species of aphid. The 
aphids are attacked by primary parasitoids (species of the Braconidae and Aphelinidae 
families). One parasitoid develops per parasitized aphid, and after a delay following 
oviposition, the juvenile parasitoid kills the host aphid and pupate inside the husk. 
Different species of primary parasitoid tend to be associated with different species of 
aphids that speciaUse on different species of host plant. Primary parasitoids appear to be 
linked at a higher trophic level by a guild of secondary parasitoids (species of 
Pteromalidae and Megaspilidae) that attack primary parasitoids while they are pupating. 
These secondary parasitoids are relatively polyphagous and will attack different primary 
parasitoid species on different host plants. Further, primary parasitoid abundance does 
not appear to be resource limited; the quantitative food webs indicate that secondary 
parasitism rates are high, and that primary parasitoid populations don't reach sufficient 
densities to limit aphid populations (Miiller et al 1999). In a pair of field experiments 
Morris et al. (2001) tested whether secondary parasitoids mediated short-term apparent 
competition between primary parasitoids that attack aphids on different host plants. The 
first experiment tested whether the presence of the primary parasitoid Aphidius 
rhopalosiphi, pupating inside the aphid Sitobion avenae on grass, resulted in greater 
secondary parasitism of Aphidius ervi, pupating inside Acyrthosiphon pisum on Vicia 
faba and Pisum sativum. The second experiment tested whether the presence Aphidius 
microlophii pupating inside Microlophium carnosum on nettle resulted in increased 
secondary parasitism of A. ervi, pupating inside A. pisum on V. faba. The results were 
inconclusive, although there was a suggestion of apparent competition between A. 
microlophii and^. ervi. 
The findings of Morris et al prompted a field experiment to test whether there is apparent 
competition between primary parasitoids that are part of the nettle aphid-parasitoid 
association and A. ervi. This experiment also attempted to test whether the strength of 
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apparent competition varies with respect to distance from apparent competitors. Primary 
parasitoids in the Silwood Park aphid-parasitoid community are spatially segregated 
according to the plant preferences of their aphid hosts. For example nettles, and therefore 
their associated aphids and parasitoids, are found in large discrete patches in the Silwood 
Park community. A demonstration that apparent competition occurs and varies over a 
spatial scale similar to the scale at which primary parasitoids are spatially segregated may 
tentatively suggest that the spatial mechanism described in Holt (1984, see above) allows 
primary parasitoids that share natural enemies to coexist in natural communities. 
I located natural patches of nettles that were likely to support populations of the aphid M 
carnosum and associated parasitoids. These patches were used as natural sources of 
apparent competitors for^i. ervi, the focal species in this experiment. Ten metre transects 
were set up radiating from the nettle patches along which batches of A. ervi were placed 
at regular intervals. Secondary parasitism rates were recorded for the batches of A. ervi. If 
there is a negative indirect effect of the nettle based aphid-primary parasitoid association 
on^L ervi, mediated by secondary parasitoids, and this effect is of a spatial extent 
detectable by this experiment, I would expect a negative relationship between the rate at 
which A. ervi is subject to secondary parasitism and the distance it is located from the 
aphid-parasitoid association on nettles. 
5.3 MATERIALS AND METHODS 
Study system 
I used a study system of Vicia faba (The Sutton) supporting the aphid Acyrthosiphon 
pisum (Harris) that is parasitized hy Aphidius ervi (Haliday). I also used naturally 
occurring patches of common nettle {Urtica dioica (L.)) that support the aphids 
Microlophium carnosum and Aphis urticata, and the aphid primary parasitoids Aphidius 
microlophii, Aphidius urticae, Aphidius picipes, and Praon dorsa/e. 
The focal species was the hymenopteran parasitoid ervi ((Braconidae, Aphidiinae), 
which parasitizes a number of aphid species, but predominantly attacks Acyrthosiphon 
pisum at our study site in Silwood Park, U.K. A. ervi is a solitary endoparasitoid, 
ovipositing in early instar aphids. Following oviposition, there is a delay during which 
the parasitized aphid continues to feed and grow, following which the juvenile parasitoid 
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kills its host and pupates inside the husk for a period of approximately one week. 
Following pupation and prior to adult emergence the juvenile parasitoid is at risk of 
attack by a guild of secondary parasitoids, hereafter referred to as mummy parasitoids 
(mostly species of Pteromalidae and Megaspilidae) (Figure 5.1). Mummy parasitoids 
attack pupating primary parasitoids, killing or paralysing the host at oviposition and 
beginning development immediately. This life history, which means the juvenile mummy 
parasitoid doesn't need to be specialised enough to overcome host immune defences, 
allows the parasitoid to attack a broad range of host species, making them prime 
candidates for mediating apparent competition between alternative hosts. 
The selection of this study system was prompted by quantitative food webs of an aphid-
parasitoid community that suggest A. ervi may interact with nettle aphid primary 
parasitoids via shared mummy parasitoids (Miiller et al. 1999), an experiment by Morris 
et al. (2001) that provided some evidence of apparent competition between 4^. ei^i and A. 
microlophii and the observation that nettles occur in large discrete patches that can 
support large populations of aphids and their associated parasitoids. The experiments 
used natural patches of nettles surrounded by close cropped grass, chosen so there would 
not be a large background community of mummy parasitoids outside the nettle patches 
that could mask possible patterns. A. pisum and^. ervi were originally collected in 
Silwood Park, and used to found large laboratory populations kept on broad beans {Vicia 
faba (The Sutton)) for at least a year prior to the start of the experiments. 
Experimental design 
I selected five nettle patches in Silwood Park according to the following criteria: a) patch 
diameter was greater than two metres; b) the patch was primarily surrounded by close-
cropped grass; c) common nettle {Urtica dioica) was the dominant species in the stand; d) 
each patch was located at least twenty metres from other patch in the study. A ten metre 
transect was set up leading directly out from each patch. To control for the effects of 
aspect, transects from three of the patch went north, while the remaining two went south. 
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Setup - year one 
I placed pots containing beans that had been grown in an unheated greenhouse for 2 
weeks along each transect at 0, 2, 4, 6, 8 and 10 metres distance from each nettle patch. 
Each pot was placed in a saucer permanently topped up with water to keep the plants 
healthy and to limit the number of insects crawling onto the plants. The pots were 
covered with 2cm square mesh cages to protect the plants from bird damage. Because the 
experiment ran for two months, new seeds were sown in each pot two weeks prior to 
adding the second and third batches of aphids, to ensure the plants used for each batch 
were approximately the same age and condition. 
I prepared A.pisum parasitized by A. ervi from laboratory populations by the following 
method. I planted bean seeds in 30 four-inch flowerpots. After two weeks lO^L pisum 
aptera were placed on each pot and held in place using mesh/plastic cages for 3 days 
under controlled conditions (16:8 light:dark, 20°C, 70% relative humidity). At the end of 
this period, I removed all apterae, whilst any A.pisum nymphs were left on the plants; on 
average there were approximately 40 nymphs per pot. 2 mated A. ervi females were 
added to each pot and held in place using cages so they parasitized the A.pisum nymphs 
(the majority of nymphs were parasitized following this method). The pots were kept 
under controlled conditions until 1-2 days prior to mummification of the aphids. At this 
point I collected, counted and placed the aphids on beans in transect pots, so they could 
mummify in the field. Each pot received approximately 40 aphids. For the first 24 hours 
cages were placed over the beans to encourage aphids to mummify on them. The 
mummified aphids were left for 6 days, during which they would be susceptible to attack 
by mummy parasitoids. During this period, I regularly inspected the beans and any 
predatory insects that might destroy the mummified aphids were removed. After 6 days I 
collected all the mummies I could find on the field plants and placed them in individual 
gelatine capsules. These capsules were left to allow parasitoids to emerge. After three 
months I dissected and identified the contents of those mummies that had not emerged. 
Because predators may have influenced parasitism rates, I also recorded the numbers of 
mummies attacked by predators and analysed these data for patterns that may have 
109 
Chapter 5 Effects of spatial separation on apparent competition 
affected secondary parasitism. Two batches of parasitized aphids were placed out during 
July and August 2005. 
At the start of the experiment I sampled the nettle patches. Thirty stems were randomly 
chosen and the number of M carnosum aphids and mummies per stem recorded. Using a 
0.25m^ quadrat, I took ten samples of nettle stem density from each patch. 
Setup - year two 
I repeated the experiment in summer 2006 with the following modifications. I reared 
batches of A.pisum parasitized by A. ervi as outlined above. 1-2 days prior to 
mummification I placed the parasitized aphids on beans that had been growing in 4-inch 
pots for 2 weeks, put the beans in cages to keep the aphids in place and kept the cages 
under controlled conditions until the aphids had mummified. I then counted the number 
of mummies on each pot and placed these pots in the field at 0, 2, 4, 6, 8 and 10 metres 
along the transects set out in year one. The pots were kept in saucers of water and 
protected from birds with mesh cages. After 6 days I collected the mummies in individual 
gelatine capsules and dealt with them as before. 2 batches of parasitized aphids were 
placed out during July and August. Logistic constraints prevented me estimating aphid 
and mummy density in each nettle patch. 
Statistics 
Nettle stem density, aphid abundance and mummy abundance for each patch were 
analysed using GLMs with patch identity modelled as a factor. Because these data were 
counts, I specified a poisson error structure. When there was overdispersion, indicated by 
a ratio of residual deviance to degrees of freedom of greater than one, this was taken into 
account by using quasipoisson errors that allow the dispersion parameter to vary. 
The proportions of A. ervi mummies parasitized by secondary parasitoids were analysed 
using GLMs with cohort, transect and distance from nettle patch modelled as factors. I 
repeated the analysis using the proportion of mummies destroyed by predators as the 
response variable. Because proportion data has a non-normal error structure I specified 
binomial errors, or quasibinomial errors when there was evidence for overdispersion. I 
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excluded from the analysis all samples where no mummies where recovered. All analyses 
were performed using the statistical software R (version 2.0.0). 
Mummy 
parasitoids 
Nettle aphid 
parasitoids 
NetHe aphids 
Aphidius eivi 
Acyrthosiphon 
pisum 
Vicia faba 
Figure 5. 1 The aphid-parasitoid module used to test for apparent competition in this study. The 
focal species was the primary parasitoid A. ervi, which parasitized the aphid A. pisum feeding on 
V. faba. The aphid-parasitoid community associated with U. dioica was used as a natural source 
of mummy parasitoids that were predicted to attack A. ervi. The community on U. dioica includes 
two species of aphid {Microlophium carnosum and Aphis urticata), four species of aphid primary 
parasitoids {Aphidius microlophii, Aphidius urticae, Aphidius picipes and Praon dorsaJe), and 
several species of secondary "mummy" parasitoids (species of Pteromalidae and Megaspilidae). 
5.4 RESULTS 
Year one 
Nettle patches 
The density of nettle stems did not vary between patches (F(4,45)= 0.001, N.S.) (table 5.1). 
There was no variation in M carnosum numbers per stem between different nettle 
patches (x^4, N.S.). M carnosum mummy abundance did vary between patches 
(mummies per stem, y^4,p = 0.001) (Table 5.2). 
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Mummy recovery 
An average (± SE) of 55 ± 3 aphids were placed out per plant and 5 ± 1.2 mummies 
recovered and screened for secondary parasitism, a recovery rate of 9% (figure 5.4a). 
Secondary parasitism 
The proportion of A. ervi mummies parasitized by secondary parasitoids did not vary 
with distance from nettle patches (Fi,46= 0.2, N.S.) (table 5.3, table 5.4, figure 5.2). Also, 
secondary parasitism rates did not vary significantly between cohorts placed out in July 
and August (F2,46= 2.2, N.S.). There was evidence for large scale spatial heterogeneity in 
secondary parasitism that varied significantly between transects that were located in 
different parts of Silwood Park (transect effect, F4,43 = 6.7, /7<0.01). 
Predation 
The proportion of mummies destroyed by predators did not vary with distance from nettle 
patches (Fi,46= 0.3, N.S.) (table 5.3, table 5.4, figure 5.3 a), but did vary significantly 
over time (cohort effect, F2,46 = 5.9, p = 0.015) and with location within Silwood Park 
(transect effect, F4,43 = 7.8,/)<0.01). Different transects did not show different changes in 
predator attack rate over time (cohort:transect effect, F4,43 = 0.89, N.S.). 
Year two 
Mummy recovery 
An average of 7.2 ±1.1 mummies per plant were placed out and 4.5 ± 0.8 mummies 
recovered for screening, a recovery rate of 63% (figure 5.4a). 
Secondary parasitism 
There was no secondary parasitism. 
Predation 
The distance A. ervi mummies were placed from nettle patches had no effect on the 
proportion of mummies destroyed by predators (Fi,42= 0.2, N.S.) (table 5.3, table 5.4, 
figure 5.3 b). Predation did not vary significantly over time (cohort effect, Fi,42 = 2.23, 
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N.S.), but the proportion of mummies destroyed did differ between transects, suggesting 
large scale heterogeneity in predation (F4,4o= 6.68,p<0.01). 
T a b l e 5.1 Average density of nettle stems in each patch. Each patch was sampled 10 times with 
a 0.25m^ quadrat. 
Patch Stem density (stems m" )^ 
(iSE) 
1 20 ±3.3 
2 18±2J 
3 2 0 6 4 ^ 
4 21 ±5.7 
5 19±3.8 
Table 5.2 Mean numbers of M. carnosum aphids and mummies per nettle stem in each 
patch. 30 randomly chosen stems were sampled per patch. 
Patch Number per stem (± SB) 
1 Aphids 0.03 ±0.03 
Mummies 0.33 ±0.21 
2 Aphids 0.23 ±0.11 
Mummies 0.06 ±0.05 
3 Aphids 0.10 ±0.06 
Mummies 0.13 ±0.08 
4 Aphids 0.02 ±0.02 
Mummies 0.03 ± 0.03 
5 Aphids 0.03 ± 0.03 
Mummies 0.03 ± 0.03 
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T a b l e 5.3 Fates o fX. ervi mummies. Each value is the number of mummies that were 
parasitized by secondary parasitoids, eaten by predators or subject to another fate (including 
survival to emergence, diapause and death of pupa), at each distance from nettles, summed over 
five replicates for each cohort. 
Year 1 Year 2 
Distance Secondary Predation Other Secondary Predation Other 
(metres) parasitism Parasitism 
Cohort 1 0 3 3 3 0 10 5 
2 15 2 15 0 2 10 
4 9 1 10 0 8 19 
6 15 1 26 0 11 51 
8 18 4 13 0 6 16 
10 5 2 7 0 1 2 
Cohort 2 0 1 0 15 0 6 9 
2 5 2 14 0 3 14 
4 2 0 1 0 1 6 
6 3 0 18 0 8 11 
8 4 0 14 0 2 4 
10 2 0 8 0 45 17 
Table 5.4 I Mean proportions of A. ervi mummies successfully attacked by secondary parasitoids 
and eaten by predators. Samples were placed at distances of 2 to 10 metres from nettle patches. 
Distance (metres) Proportion parasitized Proportion eaten 
Year one Year two Year one Year two 
0 0U8 0 0.12 0.53 
2 0 4 3 0 0.07 0.17 
4 0 4 6 0 0.04 0.26 
6 0.30 0 0.02 0.23 
8 0 4 9 0 0.07 0 J 8 
10 0.35 0 0.08 0.70 
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Figure 5. 2 The proportion of 4^. ervi mummies successfully attacked by secondary parasitoids 
plotted against the distance mummies were placed from patches of nettles. Only data from the 
first year of the experiment was shown because there was no secondary parasitism in the second 
year. 
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F i g u r e 5. 3 The proportion of A. ervi mummies eaten by predators plotted against the distance 
the mummies were placed from patches of nettles for the first year of the experiment (a), and the 
second year (b). 
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F i g u r e 5. 4 The number of A. ervi mummies placed out and collected in per pot of beans in year 
one (a), and year two (b). In year one parasitized aphids were allowed to mummify in the field, 
whereas in year two they were placed in the field after mummifying under controlled conditions. 
Error bars are ± 1 SE. 
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5.5 DISCUSSION 
I have described the first field experiment designed simultaneously to test for apparent 
competition and attempt to quantify a spatial component of apparent competition, if 
present. 
Morris et al. (2001) presented tentative evidence for apparent competition between aphid 
primary parasitoids attacking different host species via shared secondary parasitoids. 
Prompted by these findings I conducted a field experiment that tested for a relationship 
between the spatial separation of apparent competitors and the rates of secondary 
parasitism of primary parasitoids in an aphid-parasitoid community. Evidence for a 
negative relationship would imply that there is apparent competition between primary 
parasitoids and that spatial separation of the order of 2 to 10 metres reduces the strength 
of apparent competition. 
My results did not support the two facets of the hypothesis that secondary parasitoids 
mediate apparent competition between primary parasitoids and that the strength of 
apparent competition declines with increasing separation between potential apparent 
competitors of 2 to 10 metres. There was substantial secondary parasitism in the first 
year of the experiment, mainly by the megaspilid Dendrocerus carpenteri, with a small 
number of attacks by the pteromalids Caruna clavata and Asaphes vulgaris. There was 
no secondary parasitism in the second year of the experiment. Both years mummies were 
destroyed by predators, and although there was variation in the proportion of mummies 
destroyed by predators between transects, there was no within-transect trend in predation. 
I will now go on to discuss several possible reasons why I did not find evidence for a 
relationship between the proximity of primary parasitoid species and rates of attack by 
shared secondary parasitoids, related to the experimental design and biology of the 
system. 
The experiment was designed to test for declining rates of attack by shared secondary 
parasitoids with increasing separation of apparent competitors. Because I had no 
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information about local dispersal rates of the important secondary parasitoids in this 
system, the spatial scale at which I tested for declines in parasitism was decided based on 
the sizes of vegetation patches in a natural aphid-parasitoid community. Food webs 
suggest that species of primary parasitoid are associated with different host plants 
according to what species of aphid they attack, therefore host plant aggregation would 
determine the distribution of primary parasitoid mummies when aphid species specialise 
on different host plants. Because I had to guess at the likely spatial scale of the effect 
based on observations of host plant aggregation, there is the possibility that secondary 
parasitoid attacks do decline with spatial separation of apparent competitors, but the 
experiment was on the wrong spatial scale to detect a relationship. 
In the first year, the recovery rate of mummies at the end of the field period was 
approximately 10% (figure 5.4a). Such low recovery rates were not anticipated, and 
reduced the statistical power of the experiment, requiring a much stronger relationship 
between the separation of alternative hosts and parasitoid attacks for it to be statistically 
significant. Because the aphids were put out in the field a day prior to mummification, 
they were not healthy and the shock of being transplanted into the field may have caused 
a large proportion to die rather than mummify. Beans were maintained in the field for the 
duration of the experiment and despite renewal with fresh seedlings, maintaining plant 
quality was difficult, largely due to repeated chocolate spot infections. Although 1 tried to 
keep aphids on the experimental plants, poor plant quality may have stopped them 
settling and mummifying, further decreasing mummy recovery rates. In the second year, 
the aphids were allowed to mummify on plants under controlled conditions before being 
placed in the field, so mummy recovery rates were increased at the cost of a less natural 
experimental set-up (figure 5.4 b). 
Despite efforts to keep predators on experimental plants to a minimum, they did destroy a 
significant proportion of mummies, particularly in the second year (table 5.3), further 
reducing the number of mummies that could be included in an analysis of secondary 
parasitism rates. Predators may also have caused changes in the behaviour of secondary 
parasitoids. Experimental studies have shown that the primary parasitoid Aphidius ervi 
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responds to chemical cues left by the aphid predator Coccinella septempunctata, avoiding 
parasitizing aphids that are at risk of being consumed (Nakashima et al. 2004). Secondary 
parasitoids may show a similar response to predators; in this case predators visiting 
experimental plants may have altered patterns of secondary parasitism making it more 
difficult to detect systematic variation in secondary parasitoid attack rates. The results 
suggest that predator attacks did not vary significantly along individual transects, so are 
unlikely to have caused systematic changes in secondary parasitism that would have 
masked a relationship between parasitism rates and distance from apparent competitors. 
In the second year, I found no secondary parasitism. This may have been due to a scarcity 
of secondary parasitoids, or due to a greater predator presence on the experimental plants 
compared to year one, particularly if secondary parasitoids respond to chemical cues 
from predators. A greater predator presence may reflect a greater abundance of predators 
in the area or the fact that the beans were grown in smaller pots that may have made it 
easier for predators to get onto the experimental plants. It is also possible that changes to 
the experimental method may explain the lack of secondary parasitism. The main change 
was that the parasitized aphids were allowed to mummify on plants under controlled 
conditions before the plants were placed in the field. This change may have prevented 
secondary parasitoids finding the mummies if parasitoids respond to cues from living 
aphids or take longer than the 4-6 day window available in this experiment to disperse to 
the experimental plants. 
An assumption of this experiment was that secondary parasitoid numbers in nettle 
patches are higher than in the surrounding grassland and that these populations disperse 
into the surrounding grassland, raising secondary parasitoid numbers close to nettle 
patches. However, for logistic reasons, I did not quantify the background population of 
secondary parasitoids, or get estimates of secondary parasitism on experimental plants 
away from nettle patches. This information could have been useful for partitioning total 
secondary parasitism in background parasitism and that due to the presence of nettle 
aphid-parasitoid communities. If elevation in secondary parasitism due to the proximity 
of nettle aphid-parasitoid associations was small relative to background rates of 
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secondary parasitism, taking into account background secondary parasitism may have 
given a clearer picture of the relationship between secondary parasitoid attacks and 
distance from apparent competitors. 
I assumed that species of secondary parasitoids are polyphagous and do hnk different 
species of host indirectly. However, secondary parasitoids may show a preference for 
hosts that are part of the same plant-aphid-parasitoid association that they have 
previously oviposited on, or were reared on (Holler et al. 1991). Such behaviour could 
reduce the effects of apparent competition between alternative hosts because the 
secondary parasitoids would not be a strong link between the alternative host species. 
Using natural plant-aphid-parasitoid associations meant that this experiment could not 
distinguish between short-term or long-term apparent competition, because raised levels 
of secondary parasitoids could be the result of a numerical or aggregative response to 
availability of hosts in nettle patches, although the timescale of the experiment suggests it 
would be short-term. However, there may also be a short-term apparent mutualism effect 
from the availability of alternative hosts, where time spent by parasitoids attacking a host 
is time not spent attacking an alternative host, so the risk of parasitism is reduced for the 
alternative host (Holt and Kotler 1987). The possibility of apparent mutualism, which can 
be an important process over short time scales, may be a confounding effect in the results 
described above. 
Natural enemies have been identified as potentially playing an important role structuring 
phytophagous insect communities (Lawton and Strong 1981). The potential for natural 
enemies to mediate apparent competition between alternative hosts may influence 
community structure in a similar manner to resource competition, where resources 
become partitioned between competing species, with species becoming segregated within 
the community due to the negative effects of natural enemies (Holt 1977, Holt and 
Lawton 1993). Because parasitoids are efficient natural enemies that can effectively 
suppress host populations, they have been recognised as important mediators of apparent 
competition (Holt and Lawton 1993, Godfray 1994). However, direct experimental 
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evidence for parasitoid mediated apparent competition remains elusive. Notable examples 
include a laboratory study that demonstrated exclusion by apparent competition (Bonsall 
and Hassell 1997, 1998), a natural experiment from which apparent competition has been 
inferred (Settle and Wilson 1990) and an experiment that manipulated a tropical leaf 
miner community to demonstrate apparent competition (Morris et al. 2004). Studies 
demonstrating apparent competition mediated by secondary parasitoids are even less 
common, van Nouhuys and Hanski (2000) manipulated populations of butterfly primary 
parasitoids that share a secondary parasitoid; the results suggested that the presence of an 
alternative host increased secondary parasitism rates of the focal species, implying 
apparent competition. Morris et al (2001) prompted by food webs that suggest secondary 
parasitoids mediate apparent competition between pupating aphid parasitoids, 
manipulated multiple trophic levels to test for apparent competition. The results were not 
conclusive but suggested that apparent competition may be important in some cases in 
aphid-parasitoid communities. 
My results did not provide any evidence for apparent competition between aphid primary 
parasitoids mediated by secondary parasitoids, but neither did they suggest that secondary 
parasitoids do not mediate apparent competition. I have shown some of the difficulties 
one may encounter when trying to test for apparent competition at higher trophic levels in 
the field, and the difficulties of trying to incorporate a spatial component into field 
experiments of parasitoid community ecology. 
Despite the difficulties of conducting field experiments using insect communities, they 
can provide important evidence of indirect interactions, the structure of multispecies 
communities, and further the understanding of biological pest control. The experiment 
discussed above emphasises the importance of space in the structure of insect 
communities, and further work needs to address the spatial scales that are important in 
insect communities and effective ways for exploring the role of spatial structure, 
particularly with reference to indirect interactions, in insect communities. 
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CHAPTER 6 
General Discussion 
6.1 INTRODUCTION 
The research presented in this thesis is concerned with three types of natural enemy effect 
in multispecies aphid-parasitoid communities. First I investigated the effect of a shared 
natural enemy on the outcomes of resource competition between two species of aphid; I 
also conducted a field experiment to test whether species of aphid primary parasitoids 
interact via shared secondary parasitoids, and whether this interaction is affected by 
spatial separation. Next I explored the idea that multiple natural enemies can interact to 
structure a simple aphid-parasitoid community. Finally I investigated the hypothesis that 
hyperparasitoids can cause a trophic cascade in a simple aphid-parasitoid community, 
decoupling aphid and primary parasitoid populations, and I explored the whether 
community context influenced the interaction. 
Each experimental chapter finished with a detailed discussion, so this chapter is limited to 
a summary of the results followed by a general discussion of the advantages and 
disadvantages of the experimental approaches I used, the relevance of the results 
presented here to natural communities, and some suggestions for future research. 
6.2 SUMMARY OF RESULTS 
Chapter two describes an experiment that investigated whether the parasitoid Praon 
dorsale had any effect on the outcome of resource competition between two of its hosts, 
Acyrthosiphon pisum and Megoura viciae. Resource competition was the dominant 
process structuring the community; M. viciae was competitively excluded by^L pisum 
and P. dorsale did not alter the outcome of this interaction. Short-term experiments 
indicated that A. pisum is a superior host for P. dorsale, perhaps suggesting that there is a 
trade-off between resistance to P. dorsale and competitive ability. However, P. dorsale 
struggled to invade communities containing A. pisum, which appears to be the main 
reason why it had no effect on resource competition. 
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Chapter three details an investigation of the effect of two parasitoid species on the 
structure of a simple aphid-parasitoid community. I added the parasitoid P. dorsale to a 
stable aphid-parasitoid community composed of the aphids A. pisum and M.viciae and the 
parasitoid Aphidius eadyi. The addition of P. dorsale had no effect on community 
structure, but did reduce the abundances of all other species in the community. A. eadyi 
appeared to facilitate the establishment of P. dorsale in the community. 
Chapter four describes an investigation into the effect of the hyperparasitoid Alloxysta 
victrix on the structure of a stable aphid-parasitoid community composed of A. pisum, M. 
viciae and A. eadyi. A. victrix had a positive indirect effect on A. pisum by suppressing A. 
eadyi numbers and driving it extinct, although this effect was dependent on the presence 
of M. viciae in the community. A. victrix also had a negative indirect effect on M viciae 
because it increased the abundance of A. pisum which competes with M. viciae for 
resources. 
Finally chapter five describes a field experiment designed to test for apparent competition 
between species of primary parasitoid mediated by secondary parasitoids, and explore 
whether spatial separation of apparent competitors affects the strength of apparent 
competition. I found no evidence for apparent competition. 
6.3 ASSESSMENT OF EXPERIMENTAL APPROACHES 
Chapters two, three and four describe experiments that used small replicated 
experimental communities to explore aphid-parasitoid interactions under controlled 
conditions. 
This approach has several disadvantages. I have already covered some of these in the 
individual chapter discussions. The numbers of each species in such experiments tend to 
be low, and are thus likely to be influenced by environmental and demographic 
stochasticity (Bonsall and Hastings 2004), so a high level of replication is needed to give 
the experiments sufficient power to test ideas regarding the importance of deterministic 
processes operating in the community. The order in which species are added to the 
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community at the beginning the experiment can determine the population dynamics and 
community structure (Sait et al 2000); it is unlikely that species in natural communities 
always establish in the same order and so assembly order is a likely source of variation in 
community dynamics. If one were to take into account assembly order, combined with 
necessarily high levels of replication, the number of experimental units would become 
unmanageable. 
Episodes of transient dynamics may follow species introductions during experimental set-
up, and may influence final community structure, for example leading to species losses 
from communities which should, in theory, be stable (Noonberg and Abrams 2005); one 
must take this into account when using the results to make inferences about processes 
operating in established communities. However, the experiments described in this thesis 
are concerned with the structure of a temperate aphid-parasitoid community, which is 
seasonal, re-establishing each spring (Miiller et al. 1999), and transient dynamics are 
likely to be important in this community. 
Experiments with small, closed, homogeneous communities do not take into account 
factors present in natural communities such as spatial heterogeneity, emigration and 
responses to chemical cues, which become more important at larger spatial scales and 
may alter competition and natural enemy-host interactions (e.g. Powell et al. 1998, 
Chesson 2000). One must also be aware that interactions with other species in more 
complex communities may modify the processes observed in simple experimental 
communities (Strong et al. 1999). Rather, the results produced by this experimental 
approach may be useful for generating hypotheses against which we can test the effects 
of factors such as spatial heterogeneity in larger-scale experiments. 
Investigating ecological processes in small, replicated experimental communities also has 
several advantages. It is feasible to fully characterise the processes operating in small, 
simple communities, and use these results to make predictions about the processes 
operating in larger, more diverse communities, where such detailed experimentation 
would not be possible (Wilson et al. 1996). The interactions that occur between small 
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suites of closely interacting species often have a significant role in determining the 
presence and abundance of species in much larger, more complex communities, so 
predictions based on information from these "community modules" are often relevant to 
complex communities (Holt 1997), and these studies can highlight important processes 
that can be explored further using field studies (Morris et al. 2004). This approach uses 
species with short generation times, making it practical to conduct experiments that span 
many generations and are therefore useful for addressing questions related to population 
dynamics and even evolutionary processes. They also allow us to answer questions about 
processes that we think are important for species with slow generation times in natural 
systems that we cannot directly experiment on, for example due to the long timescale 
such experiments would require. These experiments can help us address issues such as 
the effects of harvesting on the life history traits of fish stocks (e.g. Benton et al. 2002). 
Chapter five attempted to investigate an indirect interaction in what quantitative food 
webs suggest is a small network of closely interacting species. A field study allows the 
experiment to be conducted at a larger scale, with increased realism, but at the cost of 
more uncertainties, such as variation in the weather and the unrecorded effects of other 
species not included in the study. This experiment required a manipulation of three 
trophic levels (plants, aphids and primary parasitoids), which means that setting up the 
experiment was complex. There has been little previous work on spatial structure in 
aphid-parasitoid communities, so incorporating the effects of space into this experiment 
involved a large degree of risk in terms of predicting the scale at which spatial structure is 
important. 
6.4 APPLICABILITY OF RESULTS TO NATURAL COMMUNITIES 
Do the results presented in this thesis contribute anything to our understanding of the 
processes that structure aphid-parasitoid communities? I have already covered this topic 
with regard to each experiment in the discussion sections of the relevant chapters, so this 
is a brief overview of the applicability of the results as a whole. 
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The experiments described in chapters two, three and four investigated aphid-parasitoid 
interactions in simple communities with two species of aphid competing for a resource. 
In all three experiments resource competition was a strong community-structuring force, 
however the aphids at our field site rarely reach sufficient numbers for resource 
competition to become important; this is thought to be due to limitation by generalist 
aphid predators and pathogens (Miiller et al. 1999). 
Parasitism by primary parasitoids is not sufficient to limit aphid numbers; typically 6% of 
aphids are parasitized (van Veen et al. 2002). However, there may be mechanisms that 
cause parasitoids to aggregate in patches with high densities of hosts, for example by 
responding to chemical cues that allow them to locate potential hosts (Powell et al. 1998), 
or as a result of foraging decisions to spend more time in patches with high densities of 
hosts (Holt and Kotler 1987). In these situations parasitoids may reach sufficient numbers 
to impact on their hosts and show the effects described in this thesis at a local level, but 
these effects may be relatively short lived as changes in aphid densities cause the 
parasitoids to leave for other patches; it is unlikely that the effects will have the long term 
population dynamic consequences observed in this thesis. 
Processes operating in aphid-parasitoid communities may be mirrored in aphid-
predator/pathogen communities. The aphid Megoura viciae for example is attacked by 
few species of parasitoid (Miiller et al. 1999), and is a poorer host for parasitoids than 
Acyrthosiphon pisum (chapter two). M. viciae is rarely attacked by generalist aphid 
pathogens and predators (van Veen et al. 2005), and it is toxic to some predators (Dixon 
1958), suggesting that the processes that are important when two species of aphid are 
attacked by a shared parasitoid may also be important when they are attacked by a shared 
predator or pathogen. 
Chapter four described an experiment that investigated the effects of a hyperparasitoid on 
an aphid-parasitoid interaction. Rates of hyperparasitism are approximately 60% at our 
field site (van Veen et al. 2002), and quantitative food webs suggest that hyperparasitoids 
limit primary parasitoid numbers so they are unable to regulate aphid populations in the 
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field (Miiller et al. 1999), therefore the results described in chapter four may be directly 
applicable to natural aphid-parasitoid communities. 
The results presented here offer limited support to the idea that parasitoids play a role in 
structuring aphid-parasitoid communities (Lawton and Strong 1981, van Veen et al. 
2006). More significantly the results provide some evidence that parasitoid mediated 
indirect effects have the potential to influence the structure of phytophagous insect 
communities, and provide insights into mechanisms by which other types of natural 
enemies may influence community structure, although other processes, such as resource 
competition, may limit the importance of these effects. 
6.5 FUTURE DIRECTIONS 
I have several suggestions for further work on the structure of aphid-parasitoid 
communities. It would be interesting to develop models that including the aspects of 
parasitoid life history that expose juvenile parasitoids to mortality acting on their hosts, 
which may provide an insight into the effect of aphid population dynamics and whether 
there are thresholds in aphid numbers that prevent the invasion and persistence of 
parasitoids. This approach has been applied to general host-parasitoid models (White et 
al. in press), and it may be possible to incorporate details specific to aphid-parasitoid 
interactions, such as high rates of host increase, strong density dependence, and even 
maternal effects, where parasitoids interacting with the mother aphid can determine 
whether her offspring become winged or wingless morphs, with different reproductive 
and dispersal behaviours. 
Observations of field systems and field experiments have suggested that natural enemies 
other than parasitoids play an important role in structuring aphid communities (Miiller 
and Godfray, 1997, Miiller and Godfray 1999, Miiller et al. 1999, Pope et al. 2002). I 
think it is important to investigate the role of other types of natural enemy on the 
structure and population dynamics of aphid communities. Experiments based on small, 
replicated experimental communities could test hypotheses prompted by field 
observations regarding the effect of predators and pathogens, and interactions between 
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different types of natural enemies, on the structure of aphid communities. For example, 
there is evidence that aphid parasitoids respond to chemical cues left by coccinellids 
(Nakashima et al. 2004). Parasitoids reduce oviposition rates in the presence of these 
cues, presumably as mechanism of avoiding ovipositing in aphids that are likely to be 
consumed by coccinellids. It would be interesting to explore whether this non-trophic 
interaction affects population dynamics and community structure, and also whether it is 
more important than trophic interaction where coccinellids consume juvenile parasitoids. 
Experiments that manipulate the feeding behaviour of coccinellids in replicated 
population cage communities may be an effective way of doing this. 
Spatial structure has been recognised as playing a role in the structuring of plant 
communities (Chesson 2000). Theoretical and laboratory studies have also shown that 
spatial structure can play an important role in structure of insect communities (Holt 1984, 
Comins et al. 1992, Comins and Hassell 1996, Bonsall and Hassell 2000, Bull etal. 
2007). However, we need to relate these results to natural communities using 
manipulative field experiments that explore spatial structure on host-natural enemy 
interactions at a relevant scale (Lima 2002). Spatial structure may be particularly 
important in communities where different species of phytophagous insect specialise on 
different host plants; spatial processes that structure the plant community causing plant 
species to aggregate (Murrell and Law 2003), will also affect species aggregation patterns 
in the phytophagous insect community and may influence the degree to which different 
species share natural enemies. 
This thesis (chapter four), and previous experimental studies (van Veen et al. 2005, 
Schmitz et al 1997, 2004), suggested that non-trophic, trait-mediated indirect effects 
have an important role in structuring communities. Food webs that detail trophic 
interactions between species do not include such effects, and thus can lead us to 
underestimate the importance of non-trophic effects in communities. One approach 
would be to construct interaction webs that include trophic and non-trophic interactions 
between species, and would be a starting point for suggesting hypotheses regarding the 
processes that structure communities (van Veen et al. 2006). However, a large amount of 
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time and effort would be needed to construct such webs, and manipulative experiments 
may be required to identify non-trophic effects. 
6.6 CONCLUSIONS 
In conclusion, this thesis describes experiments that explored the effects of parasitoid 
natural enemies in aphid communities, focussing on the effects of a shared parasitoid on 
two hosts that compete for a resource, two species of parasitoid that share a host, and the 
effects of hyperparasitoid on a aphid-parasitoid interaction. I also described a field 
experiment that attempted to test for an indirect interaction between species of primary 
parasitoid that share secondary parasitoids, and whether spatial structure can alter this 
interaction. 
Overall the results are mixed. When two aphid species compete for a resource, a shared 
natural enemy did not alter the outcome of competition, apparently because the natural 
enemy struggled to establish and reach numbers where it was able to affect the numbers 
of its hosts. There was no evidence that a second species of parasitoid had any effect on 
the population dynamics and parasitism rates of a focal species. Hyperparasitoids were 
shown to alter the outcome of an aphid-parasitoid interaction but this depends on 
community context. An experiment highlighted the practical difficulties and uncertainties 
of performing experimental manipulations using insects in the field, particularly if you 
try to include a spatial component to the experiment. Finally I outlined some ideas for 
further investigation of aphid communities incorporating theoretical, laboratory and field 
studies, and I suggest we need to start exploring interactions between different types of 
natural enemies, and explore spatial structure at a scale relevant to natural communities. 
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